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i.O SuDsnary 

1.1 Objective I This experiment tree designed to evaluate the application 
of Xiiindeat data to geologic mapping and mineral resource inventory 

and exploration in the Precambrian Shields and Andes Mountains in 
cooperation with national geological survey geologists of 
South America. The purpose of this arrangement was to build local 
expertise in the use of the data and provide a means for field 
checking interpretations. Demonstration models and methods of 
interpretation were investigated and are presented. 

1.2 Scope of Work ; Landsat Images processed as 70 mm film chips and 
23 X 23 cm positive film transparencies (in 3 sets) were supplied by 
NASA to the Principal Investigator who in turn sent sets of pertinent 
images to each of seven In-country investigators. Interpretation was 
done using light teUsles and magnifying lenses as the principal tools, 
and a diazochrcxne processor to make color composites at contact scale 
(1:1,000,000). Each investigator worked independently, later 
comparing results with the Principal Investigator. Mosaics covering 
4x6 degrees latitude and longitude were constructed for three areas 
where sufficient cloud-free images were obtained. Examples of the 
La Paz, Copiapo and Tucuman mosaics are included in this report as 
demonstration products from which interpretation maps of lineaments are 
derived atnd to which metallogenic maps and other types of compilations 
can be compared. Such comparisons are. used to identify promising areas 
for field investigations and exploration. 
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1.3 Cencluilontt tandsst images vere found to be ideal for geologic 


■tudy of large remote areas of South America. Ohe flexibility of 
scale from li3.6 M to 1:250,000 or larger, the adequate resolution 
(80 m) and broad multispectral range are important additions to 
geophysical techniques, never before available to geologists on a 
systematic basis. It was found that all bands contributed useful 
information. Beuid 4 was best for studying variations in water bodies 
such S3 Lake Titicacai band 5 was used to define vegetation areas in 
arid regions; bands 6 and 7 were used most extensively in both 
tropical jungle £md desert mountain regions for delineation of water 
bodies euid interpretation of geologic linears. Three mosaics, using 
band 6 images, were constructed of Andean test areas using the UIM 
coordinate system. Hopefully they will serve as models and provide 
impetus for local projects to continue a mosaic program. 

Field investigations in Bolivia, based on interpretations of 
linear features of the La Paz mosaic, resulted in the discovery of 
mineralized fault breccia defined as a lineament in the Totora Formation 
of Tertiary age. This sandstone formation is the host rock of the 
well-known disseminated copper deposit of Corocoro. The discovery of 
malachite veinlets surrounding fragments of chalcocite, a major 
copper-bearing mineral, has led to the development of a detailed 
sampling program along the lineament, known to extend for 20 km. The 
Geological Survey of Bolivia (GEOBOL).is now conducting field surveys 
along this feature. 
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Xntcrpratation of tho Copiopo ■oialc has dsfined najor linear 
features extending north and south of the largest copper producing 
ednos (El Salvador and Portrerillos) of the area suggesting areas 
where prospecting nay be worthwhile. South of Antofagasta de la Sierra* 
Argentina* three anomalously dark areas suggestive of iron-absorption 
in the near-infrared region of the spectrum have been identified and 
should be field inspected for the possibility of iron deposits. 

Careful mapping of open areas in largely cloud covered scenes of 
Magallanes Province, Chile* by Dr. Eduardo Gonzalez of Punta Arenas* 
Chile, has defined a new Tertiary ba^in that may be a potential oil 
source for the Chilean Nacional Petrolevoi Co. (SNAP) . 

1.4 Recomnendations ; Special effort* under the Landsat-2 experiment, 
should be made to provide complete cloud-free coverage of the 
South American continent. This will be especially difficult in the 
Colombiem and Ecuadorian Andes and the lake and fiord country of 
southern Chile and Argentina. When the data base is complete* 
subsequent data will then make it possible to map changes that take 
place in these remote areas. 

More color composite images and mosaics should be prepared for 
important resource areas of the continent. Efforts should be made 
to develop local capabilities in these arts. 

Interest in the use of Data Collection Platforms is growing 

# • 

rapidly as South American scientists become aware of their operationed 
capabilities* especially in the fields of hydrology and power generation. 
Full support should be given to disseminate information on the 
equipment, techniques and results of DCS data use. We should learn 
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•bout tha liadta of tht •yatoiD using axisting raeaivar antanna 
■yatans in ordar to datarvina tdiara ^latforma can ba usad, uhara 

a 

« 

additional racaivara aiay ba raquirad and which extant tracking stations 
night be nodifiad to incraasa tha capability of l^ndsat around the 
world. A roving platfonn is being cant to Bolivia, tinder the auspices 
of TAGS, to br. Brockmann for teats at a mininun of six sites representing 
different geographic and terrain types throughout tha country. If 
these testa are successful, it is proposed that the roving platfonn 
be sent to Chile for additional testing southward down the coast and 
crest of the Andes. 

Additional evaluation of ei^lAnt data using computer compatible 
tapes (CCT's) on Image 100 and other interactive computer systems 
should be undertaken to evaluate the full capabilities of Landsat to 
provide geologic, land use and hydrologic information by computer 
processing methods. Dr. Carlos Brockmann, for example, suggests 
that this method could be especially useful in delineating surface 
variations in the distribution of various types of evaporites in 
the salar deposits of the Bolivian Altiplano and the Atacama Desert. 
Because of high reflectance emd lack of contrast, this task is very 
difficult by optical means. 


g 

4 


REPRODUCBILITY OF THU 
ORIGINAL PAGE IS POOR 



2.0 Introduction and Program Dascription 


Hinaral raaourcaa# after food in importance » are baeie 

' . * 

nonrenewable connoditlee on Which the world population depends fcr 
its progress and well being. As population has grown and known 
reserves of these natural resources are used^ it has become 
increasingly more difficult to search fox and find new deposits 
which can be developed and exploited. Nays that such deposits can 
be identified arat 1) by developing new tools for exploration » and 
2) by looking for extensions of known deposits in well-known areas. 
Current trends are to extend these searches into the lesser-known 
regions of the continents and into the seas* One of the areas of 
the world which still shows great promise for future mineral resource 
development is the vast continent of South America. 

Although mining has been a great source of commercial enterprise 
in South America for centuries, the introduction of modern geophysical 
tools has been relatively recent and successful. Airborne 
aeromagnetic techniques were introduced in Chile, for example, about 
I960 and resulted in the discovery of several significant iron 
deposits. Radar imaging systems were first used in the Darien area 
of Panama and Colombia in 1966 and led to its extensive use in the 
Amazon and Orinoco basins of Brazil and Venezuela in the early 1970' s. 
These data are still being evaluated and used operationally, but 
the total value of their contribution to the economies of the 
countries involved is still being evaluated and may not be fully 
appreciated for decades. 
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Th* launeh of Landaat-1 (foinarly oallad ERT5*1) on July 23, 1972, 
and tht aubaaquant eollaction of ovar 100,000 aniltlapactral iaagaa of 
^a Earth* a aurface has provided the world aclentific community vith a 
naw tool enabling anall^acale, ayatematic and repetitive obaervation of 
natural and manmade phenomena over large areaa. The unique data, 
rapreaenting four banda of the viaible and near-infrared apectrum, 
can be provided in film or paper format at acalea ranging from 
It 3, 369,000 to It 250,000 or on computer compatible tapea which, 
when proceaaed, can be uaed at .acalea aa large aa It 25 ,000 in 
digital output form. Each picture element (pixel) covera approximately 
.4 hectare on the ground and providea an accurate record of reflectance 
of the Earth* a aurface at approximately 09t30 on the day of overflight. 
Theae obae: 'iiti ivna can be repeated every 16 days, assuming no cloud 
cover. Relatively constant aun angle is obtained in equatorial 
regions but seasonal variations provide significant changes in 
surface textures and tones in temperate and polar regions. Where 
overlap of adjacent images is sufficient, the area common to both 
may be viewed in stereographic form. 

At the time experiment proposals were submitted to NASA, prior 

to the launch of I.andeat-1, it was uncertain how many South American 

geologists were sufficiently aware of the proposed satellite or 

whether they would know how to go about participating in this 
• • * • 

world-wide scientific experiment. Because of the author's long 

« « 

standing interest in the geology and ore deposits of South America, 
this experiment was designed to make Landsat data available to each 
national geological mapping agency that had expressed or would, in 
my estimation, express sufficient interest in working with the data. 
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Letters of enderssBsnt of the proposal were requested from the 
geological agencies of each country and submitted to NhSA. The 
areas selected for study were selected primarily by the author 
in some cases » after consultation with various local participants. 

Landsat data, requested from NASA for each of the proposed areas, 
were received by the principal investigator and redistributed to the 
participants. Interpretive results and ideas developed during the 
interpretation process were exchanged largely by nail or by personal 
contact at meetings and lectures in the countries involved. Training 
courses conducted at Ft. Clayton, Canal zone, by the Inter American 
Geodetic Survey under the sponsorship of the EROS Program and once 
by USAID also served as a medium of exchange. It can be stated 
that this form of scientific exchange, while not a substitute for 
classroom teaching or shoulder-to-shoulder field and laboratory work, 
can be very useful in furthering the technological development of 
geologic agencies in I*atin America. 

The project began in January 1973 when data was first received 
from NASA and theoretically ended with the failxire of the Landsat-1 tape 
recorder in the spring of 19/4. This failure prohibited the taking 
of data over South America except through the Brazilian reception 
station at Cuiaba. 

■Interpretation and manipulation of the data into mosaic format, 
however, will continue after completion of this report because it is 

s « 

very clear much more can be done with the data that has not yet been 
explored. For example, a number of new interpretation devices such 


REPRODUCffilLFT OF THE 
ORIGINAL PAGE IS POOR 
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» * I i 

ma the luge 100, have been developed which eo^loy the use of 
ooqputer compatible tapes (OCT* a). Use of CCT's and the lARSVS 
Computer Programs of Purdue University and other computer techniques 
should be tested more adequately for their potential applications 
to geological problems. Other automated or optical enhancement 
techniques must be tested as the state-of-the-art develops. 
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4.0 ficientific Objectives of this Investigation 

* ' • 

The objectives of this investigation werei 

4.1 To evaluate the applications of Landsat«l data in improving knowledge 
of the geology and structural relationships to mineral 

resources in selected areas of the Andes and other key areas 
of South America. 

4.2 To develop a cadre of South American geologists experienced 

in the use of Landsat-1 data-in the countries selected for study. 

4.3 To develop demonstration models of interpretive materials 
that can be used as standards, or develop points of departure 
from which uniform interpretive mapping standards can be 
established. 

4.4 Compare seasonal variations of images and identify the 
significemce of the variants. 

4.5 Long range goal ; Construct orthoimage mosaics of South America 
and develop interpretive overlays that will serve as a guide 

to future work and contribute to revision of the Tectonic Hap 
and Metallogenic Map of South America. 
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5.0 Methods and Approach 


Twelve areas of the Andes and the Guyana and Brazilian Shields 
known to be producers of mlnereil resources or holding high promise 
for resource discovery were selected for study (Fig, 1) . Each area 
covers four degrees of latitude by six degrees of longitude (major 
units of the UW coordinate system) or approximately 276*000 
square kilometers. 

Data in the form of 9 x 9 inch positive transparencies (3 sets) 
and 70 sm positive transparencies (1 set) were sent to the author by 
the NASA Data Processing Facility (NDPP) . Of these* 1 set of 9 x 9 
and 70 mm transparencies were retained for the use of the author* 

1 set of 9 X 9's was sent to the in'country cooperating Investigator 
and 1 set was sent to 0. S. collaborators. Data was received for 

all areas except 5, 6 and 8 in Brazil which were dropped from the 

project due to agreements made between NASA and the Brazilian Space 
Agency (INPE). As was expected* data for areas 1~4 in the equatorial 
region and area 12 in the Magallanes areas of southern Chile were 
largely cloud covered (see Inventory* Part 13.0). Areas 7 (La Paz) 

was the first area to have sufficient cloud free data to construct 

a preliminary orthoimage mosaic. Areas 9 (Copiapo) * 10 (Tucuman) and 
11 . (Mendoza- Santiago) followed. 

Each of the investigators conducted their studies Independently 
and sent their products and evaluations to the author (principal 
investigator). During the course of the experiment there was much 
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Fig. 1. Index map of South America showing areas selected for 
study* 1) Guyana Shield, Venezuela; 2) South Central 
Colombia; 3,4) Northern Peru; 5) Araqua, Brazil; 

6) Porto Velho, Brazil; 7) La Paz, Bolivia, Chile, Peru; 
8) Belo Horizonte, Brazil; 9} Coplapo, Chile; 

10) Tucunan, Argentina; 11) Santiago, Chile • Mendoza, 
Argentina; 12) Magallanes, Chile, Argentina 
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interchange by aiall and on aeveral occaalona the author was able to 
vlait in-co\mtry investigatora as part of official busineas tripa in 

4 4 

conjunction with attendance at international meetinga in tfhich remote 
aenaing was diacxisaed. Training courses offered by the Inter American 
Geodetic Survey <IAGS), in the Canal Zone, supported EROS and USAID, 
and in which the author participated, served also as a medium of information 
exchange and demonstration. On occasions some of the in-country 
collaborators visited the U. S. for conferences. While this type of 
Interchange does not substitute for day-to-day contact, this 
development approach was satisfactory in most cases, because most of 
the participating geologists were already trained in standard 
photointerpretation techniques. 

The main purpose of the esqierlment was to determine the value of 
Xiandsat images and the various spectral bands in mapping lineaments 
(faults, fractures) and other structures (strike of regionally 
outcropping strata, folds) that might be significant in the occurrence 
of mineral deposits. Lineaments are here defined as alignments of 
straight courses of rivers and streams, depressions, cliffs and ridges, 
or surface tone variations. The term linear feature here includes 
both lineaments, regional lines of strike, and spxurious artificial and 
cultural feattires (Gold, et al, 1974). At the 1:1,000,000 scale it was 
determined that all linear features 10 km or more in length which are 
not obviously of cultural origin would'be mapped. Other surface 
features such as unusual rook types (e.g., light toned extrusive or 
intrusive rocks) or forms (e.g. , volcanic cones or craters) were also 
noted because of their general association with deposits of economic 
value and their importance in the structural and tectonic history of 


the Andes 
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Overlaps of individual scones and siosaics were compared with 
axisting maps (U. S. Air Force Operational Navigational Charts) of the 
various countries to determine their relative accuracy. Great 
variations were found. For example « Stoertz and Carter (1973) found 
that salar deposits of the Andes were poorly located or inaccurately 
portrayed on the Operational Navigation Charts. Some volcanoes 
were either not shown or nislocated. On the other hand* major 
lineaments in southern Peru corresponded precisely with major 
mineralized fault zones cutting the Peruvian mineral belt as shown on 
the Hetallogenic Hap of Peru (lil,000,000) (Carter, 197^a). 
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6 . 0 Instrumentation 


Geologic interpretation of single isiages and, later, aosaiqe 
was conducted by standard photointerpretation techniques using light 
table and enlargement lenses as the principal instruments. Color 
composites tnade by General Electric Company's Space Division 
Photographic Engineering Laboratory, Cromaline dye composites made by 
the uses Special Happing Center, and dia 2 ochr<mne diapositives were 
made in our own analysis laboratory and evaluated as interpretation 
aids. An l^S (International Imaging Systems) color additive viewer 
and Spatial Data Density Analyzer were also tested. A digitizer and 
IBH>360-65 were used for some areas to analyze the orientation versus 
length and frequency distribution of linear features using computer 
programs developed at the Pennsylveuvia State University and the NASA 
Goddard Space Flight Center (GSPC) (See discussion of Area 1, p. 16). 
Samples of these products are included in this report. 



7.0 Products snd Cvslustion 


Arsa 1 •> Vftnesuela 

• * 

Die area lies between 4 and 8 degrees North latitude and 60 and 66 
degrees West longitude, covering southeastern Venezuela, western 
Guyana and a small portion of the upper Rio Branco basin of northern 
Brazil. The east-west trending Sierra Pacaraima forms a natural 
barrier on the south and most of the rivers in the area drain to the 
north or west into the Orinoco. 

The area was chosen because a large part of It lies in the State of 
Bolivar and the Amazonas Territory of Venezuela, a large, relatively 
unexplored region of great interest to the Venezuelan government for 
future exploration and development. Part of the area was recently 
surveyed by a side-looking airborne radar imaging system and is 
currently the subject of Intensive study. It was believed that our 
8tud> would support these on-going efforts and that they, in turn, 
would provide a basis for evaluating our work. 

The area is underlain by the Guyana Shield and the eastward trending 
northern Andes lie along the coast to the north. It has been extensively 
explored in the north and the highly productive Cerro Bolivar iron 
deposits are a result of that exploration. Manganese, aluminum, titanium 
and tungsten also occur in this area. In the south, which is sparsely 
settled 2 uid poorly developed, prospectors have reported the occurrence 
of precious (gold, diamonds) and semi-precious minerals. 



Paved and unpaved roads extend from the Orinoco Valley on the 
north to the south in the eastern part of the area. Access to the 

t 

* e 

rest of the area is largely by bush plane and helicopter or river 
boats and canoes. Rainfall ranges from 1400'*4000 mm or greater per 
year in the region, and the climate is typical of the tropical rain 
forest regions of the world. Some of the higher elevations, however, 
are more temperate. 

Our first work with Lemdsat-1 data was the study of individual 
images that were relatively cloud free, image 1174-14091 (Fig. 2) 
of the Rio Ventuari region in the southwest part of the area clearly 
indicated that band 7 images were most useful in defining the drainage 
system and identifying linear features and rock types in this tropical 
region. Color composite images made by the diazochrome process helped 
Identify cleared and bxirned areas relating to indigenous communities 
and distinguished them from open natural savannahs in the jungle. 

Figure 3 is a drainage overlay of the area, and Figure 4 is an 
interpretation of lineaments within the Rio Ventuari area. 

On conclusion of the data collection phase, it was found that 

5 images were sufficiently cloud free for analysis) 3 were fair, and 

6 were poor for mosaicking purposes. Mo data were available for a small 
area in the northwest and a larger area in the northeast, and therefore 
construption of a formal mosaic was not undertaken. A preliminary 
mosaic (Figure 5) of adjacent prints was used to make overlay maps 

of drainage, general rock types, and linear features. 
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Figure 2. 


Landsat-l inage (U7U-IU09I-7) of the Rio Ventuari area of the 
Arazonae Territory, Venezuela. 'Areai burned for clearing at A, 
Precanbrian aedinentary itrata at B, naaiive rcetaaed^entary (gneia<?) 
or intrusive igneous rock outcropping at C. A few of the well expressed 
lineajr.ents in the area are narked by arrows at each end. 
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Figure U. Lineament interpretation by W,D, Carter of Rio Ventuari 
area* 









8\irfac« Water Overlay t The aurfaca water overlay of Area 1 

figure 6) ahowa that a rectangular drainage pattern with general 

* 

NW and NE trends predominates on a regional scale with local deviations 
ehere strongly affected by structure. For example, sharp bends in 
streams occur frequently and many streams follow anomalous courses 
(e.g., the Hazaruni River on the eastern side of the area and the 
Rio Paragua near the centeri see Figure 6 at points A and 6} . Comparison 
of the drainage with that shown on the Operational Navigation Chart L-27 
indicates that serious revision of the published map is in order. 

Geology t An interpretive overlay of the geology (Figure 7) «fas 
compiled largely fr«n geomorphlc study of infrared (band 7) images. 
Standard diazo color composites were useful in areas where vegetation 
patterns appear to reflect the underlying geology. Principles used 
in interpretation of large-scale aerial photographs (Ray, 1960} were 
applied to the Landsat imagery after considering the effect of viewing 
terrane at Landsat' s much smaller scale. 

Six broad photogeologic rock types were identified in this study. 

Two sedimentary units of Precambrian plateau strata and Precambrian 
intrusive igneous rocks, extrusive igneous rocks, metamorphic rocks, 
and Quaternary alluvium were defined. The igneous and metaunorphic 
terranes are identified and separated somewhat tenuously. The sedimentary 
units and structures gre much more easily discerned, and are mapped 
with confidence. Fold axes and dipping beds in these units are denoted 
by standard map symbols. Contacts between units defined here are 
dashed where uncertain. 
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Die Atlas of Venezuela (1969) geologic nap (pp. 126-127) (scale 
lt3,500,000) and the Geologic Hap of South America (scale Ii5»000f000) 
were used as references for the geologic overlay. The interpreter had 
no prior field knowledge of tlte area. Die more detailed map in the 
Atlas of Venezuela separates the area considered here into 6 units t 
1) Quatemaryf 2) Precambrian Plateau Strata, 3) Precambrian undifferentiated 
igneous and metamorphic rocks, 4) Precambrian low rank metanorphic rocks, 

5) Precambrian high rank metamorphic rocks, 6} Precambrian acidic intrusives, 

7) Precambrian basic intrusives, 8) Precambrian acidic extrusives. A 

large part of the region is mapped as undifferentiated igneous and metamorphic 
rock (3). This region has been tentatively separated here into igenous 
and II^t^lmorphic units. 

The uppermost sedimentary plateau strata are readily mapped due to 
their topographic expression (Figure 8, areas at A). The plateau strata 
are Precambrian quartzites and sandy arkoses of the Roraima Formation 
(unit R). The Roraima Formation forms steep sided plateaus (relief up 
to 1000 H) with a different vegetation pattern than that of the igneous 
and metamorphic rocks of the underlying Guyana Shield (Figure 8) . Several 
obvious cliff and bench forming units within the Roraima Formation 
(Figure 8) were not differentiated here. 

A sedimentary unit underlying the main plateau forming strata of 
photogeologic unit R forms low relief topography compared to the overlying 
elevated plateaus and represents the lower Roraima Formation. Fold 
structures are expressed in this unit (photogeologic map symbol 1, see 
Figure 7) despite the tropical climate and heavy rain forest cover. Seven 
emticlines and four synclines are defined in unit 1 (e.g., Figure 7 and 

8) . Ten other broad anticlinal emd synclinal warps are Identified in 
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Figure 8. Lendsat-1 Ur^gc (12UU-1 3580-7) cohering the areas of Auyan Tepuy and 
Serranla Pararena in Southeastern Venezuela. Arrows at A point to 
steep sided plateaus underlain by the resistant quartzites and sandy 
arkoses of the Frecarbrian ForairA Formation. Note folds at point B 
in sediir-entari' unit 1 between the high plateaus. Several well 
expressed linear.ents, possibly the surface expressions of faults, are 
rArked at each end by arrows. 
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Figure 9. Tilte3 and dissected strata striking nearly East-West between A-A' are 

cut by a major left-lateral strike slip fault at the bend in the outcrop 
belt nearer A'. Intrusive igneous rock outcrops In areas B. Extrusive 
igneous (volcanic) rock is present at C. Note curvilinear patterns 
suggestive of flow within area C. Patchy "snakeskin” pattern forred in 
Quaternary unit at D. A few well expressed lineaments are marked by 

ORKJINAL 
UF ROOK yUiUJTV5. 
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th« ov«r lying plat«au strata. Nona of thaaa atructuraa appaar on tha 

gaoioglc or tactonic aaps of Vanatuala (Atlaa of Vanaauala, 1969, 

• . 

pp. 124-127). Tlia atraaa pattarn furthar auggaata tha praaanca of broad 
fold atructuraa (a.g., tha Rioa Paru and Caura at C and D in Pigura 6). 

TVo aubtypaa of unit 1 hava baan diffarantiatad (unit 17 and unit la). 
Cnit 17 daaignataa araaa of avan tona and low raliaf largaly undar lying 
acattarad clouda on tha iaagary. lha unit la aubtypa (Figura V, batwaan 
pointa A-A) appaara to ba tiltad and diaaactad rocka oriantad with tha 
Buijor fold axia tranding naarly Eaat-tfaat. A fault with about 4 ka of 
laft lateral diaplacament appaara to cut thaaa atrata (Figura 9 near A) . 

Unit 2 danotaa prob^lbla araaa of intruaive ignaoua rocka aa defined 
by coaraa drainage, greater raliaf, and rounded gaoaorphic forma 
(Figxira 9, area B) . 

Araaa of probable nataaiorphic rocka (Unit 3) are marked by tha abaenca 
of rounded laountain forme and lack of a denaa intaraacting linaamant 
pattam. A proninant aingla diraction of linaar faaturaa, poeaibly 
foliation ie takan to auggaat metamorphic rocka (Figura 10, point A). 

Unit 3A ia a aubtypa of metamorphic rock ehowing highar raliaf than tha 
ramainder of Unit 3, and according to the Atlaa of Venezuela (pp. 26-27) 
it ia an area of granulite faciea of metamorphic rock. 

Unit 4 dafinea araaa of probabla volcanic extruaiva rock. An araa 
ia defined on acene 1174-14084 (Figure 10, area B) . Neither geologic 
map ahowa the preeence of auch volcanio rock in the area ao the 
identification aa volcanic ie questioneUsle. Several circular featurea 
of unknown origin 5-10 km in diameter are marked on the photogeologic 
map (Figure 7) by a circle with a *v?' ineida. Several of theaa circular 
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features occur in this questioned area of volcanic rock (Figure 10 near 
points C) . Unit 4 volcanic rocks have also been stepped in scene 1224«'13465 
(Depositor Figure 9). The central sone of this area has a flov texture 
with curvilinear patterns of minor linear features within it (Figure 9* 
points C) . The published geologic maps support the interpretation 
of the area as extrusive volcanic terrene. 

Probable Quaternary deposits (Unit Q7) have low relief and occur in 
low lying areas with a patchy "snakeskin" pattern of vegetated areas 
interspersed with clear areas suggesting an interlocking network of 
braided stream channels (Figure .9, points D) . 

The relative stratigraphic position or age of the photogeologic 
units from youngest to oldest is as follows: (Q?) » (R) > (1/ la« 1?), 

(2, 3, 3a, 4). Units included within the same set of parentheses have 
not been distinguished by age. 

The value of these geologic observations in Area 1 has not yet been 
analyzed by our Venezuelan counterpart geologists. Copies of this 
report will be sent to Venezuela for evaluation. 

Lineaments ; A total of 2220 linear features greater than 10 km and 
averaging 17,8 km in length were identified in Area 1 (Figure 11). 

Several of the many well-expressed lineaments in the area are marked by 
arrows on Figures 8, 9, and 10. The we 11 -expressed lineaments may be 
faults, none of which appear on the tectonic or geologic maps in the 
Atlas of Venezuela (1969) . 

The end points of the linear features of Figure 11 were digitized 

* 4 

and recorded on magnetic tape and subsequently punched on computer cards. 

An IBM 360-65 was used with Fortran IV programs Transform and Azmap 
developed by Podwysocki (Podwysocki and Lowman, 1974) to summarize the 
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Figure 10 . Landeat-l Image (II7U-IUO6U-7) covering the Malguallda Mountains. 

Possible metamorphic terrane at A, possible volcanic terrane at B, 
and circular features at C. Note several well expressed lineaments 
marked by arrows. 
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Figure 11 Lineament Map of Southeaatern Venezuela from Landsat-1. 



data. Ihasa prograna parait aasy aanipulation of tha data and print 
histograms of Xlnaaaant langth and fraquancy varsus oriantatlon. 

Pigura 12 outllnas tha program flow chart. 

Figure 13 presents the langth and frequency orientation histograms 
of the lineaments interpreted in Area 1. Minor r>eaks occur at NlSE, 
N60-60E, and NS3W. Many other peaks of nearly similar height are 
present indicating a complex overall pattern. 

A distinct trough between N65-7SH corresponds well with the N70W 
average sun azimuth over the region. Lineaments appear to be effectively 
masked parallel and within about 5 degrees of the sun azimuth despite 
the relatively large sun elevation angles (40-50 degrees) . Scan lines 
trending M60W may have introduced false lineaments parallel to that 
direction as major troughs exist on either side of that direction 
(Figure 13) . 

Similar histograms were preptured for each 1x1 degree sector 
within the area. These histograms indicated that preferred orientations 
are present within sectors which are masked when the area is considered 
as a tdiole. For example* the sector of Cerro Bolivar shows that the 
longest wd most numerous lineaments trend N60-70E* with a second peak at 
N20-25W. South of the Serra Pacaraima in the headwaters of the Rio Branco* 
Brazil* the dominant trends and frequencies are N75-85B and N10-15W. 

These orientations suggest the presence of a pattern of lineament sets 
nearly at right angles. Further analysis of these lineament patterns is 
planned. 

* . 

A comparative time study was undertaken to evaluate hand measuring 
vs. machine aided digitization of lineeunent data. It was found that 
about 20 hrs. were required to complete the overlay by manual measuring 
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Figure 12. nrogran Flow Chart tor Analysis of Llneanent Orientations 






Frequency Total Length 



Figure 13> Orientations of lineajpents sunsnarized by total length 
and frequency into 2 degrde wide classes. Lineaments 
are those of Area 1 (Figure 11) * Summarization of 
orientations of lineaments within small blocks of the 
entire area indicates that preferred directions are 
locally present which are masked in this whole area 
summary (see text). 
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and recording (about 107 lineanents/hr. ) whereas the Bane 2100 lineavanta 
%fere digitised in four hours. The machine aided digitizing was fiwt 
tin.'4S faster and produced data in a much more flexible 'form. Subsequent 
use of the computer programs on the digitized data provide rapid and 
varied rcianB of sunnarizing the lineament orientations. 

Area 2 - Colombia 

This area lies between the Equator and lat. 4^ N. and long. 72^ and 
78° W. and is one of the most difficult areas in the world to photograph. 
Only ten images were acquired over the area between January and March 
1973* and of these seven had 50% cloud cover or more. The best image, 
1196-14325, of the Rio Guaviare area, about 270 km southeast of Bogota, 
has only 5% cloud cover and was considered adequate for color compositing 
by the cromaline dye process (Figure 14) . The work was done by Aider 
Warren of the USGS Special Mapping Center. 

This image covers the ;astern foothills and plains of the Andes in 
the Rio Guaviare Basin, a western tributary to the Orinoco River. The 
towns of Puerto La Concordia and San Jose del Guaviare can be seen in the 
lower left at the junction of the Ariari with the Guaviare. Highland 
plains have been cleared for cattle raising in the west, where gray-toned 
burn scars are numerous. These burns probably represent recent clearings 
for planting and grazing. Bluish smoke plumes indicate that some areeis 
may be actively burning. On the east, the continuous red areas show that 
tropical- -vegetation provides a uniform surface cover over much of the area. 

The Carte Geologique de L'Ameriqud'du Sud shows that the area has 
not been mapped in detail. The area is almost entirely underlain by 
undifferentiated Cenozoic rocks. A small outlier of Cretaceous and 
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Figure lU. Color composite image of the Rio Guaviare area, Colombia 
the cromaline dye process and reproduced bv color Xerox. 
(E1196-14325) 







Pncanbrion rocks is shown just south of San Jose del Guaviari» axtending 
in a southeasterly direction. Part of it nay be ei^sed in the scene 
underlying the gray-toned red vegetation in the lower left corner of the 
image. 

Ihe mewderlng pattern of the rivers in tlie scene indicates that 
the total surface of the area is generally flat (Figure 14). The 
dendritic pattern of vegetation displayed along the eastern margin of the 
cleared areas indicates that the cleared areas nay be a highland plain 
of terrace. 

few linear features mapped are mainly relatively straight stream 
courses. Ihey trend M35-65*E and S45-75®E. The two offset# northwest 
trending linear featuri^^s in the lower right appear to be shadows of 
thin vapor trails left by aircraft. 

Little else was done in this area because of the lack of adequate 
data. Two other images of fair to good quality (1196-14332 Hiraf lores# 
and 1179-14382 Calamar) will be analyzed in the future under the Landsat-2 
follow-on experiment. 

Area 3 - Sechura Desert and North Central Peru 

The area, comprising two contiguous 4x6 degree quadrangles, lies 
between lat. 4-8*S and long. 72-84 ®W. It comprises a strip across 
northern Peru that includes the coastal Sechura Desert, the northern 
Andes and westernmost extent of the Amazon in the vicinity of Iquitos. 
Most of the area is sparsely settled# remote and less developed. There 
is, however, great promise of mineral arid energy resources in this 
region. Best known are the extensive phosphate deposits of the 
Sechura Desert. More recently petroleum deposits have been discovered 
on the eastern flank of the Andes in the upper Amazon. 
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Of 12 inages acquired for Area 3, aeven c»vered parts of the 
Pacific Ocean. Of the remaining five images covering land areas « 
three had cloud cover of less than 50%. Data, therefore, mre 
insufficient for aiosaicking of Landsat iaiages in this area. A cursory 
examination of the best images was made and only one was considered to 
be of sufficient quality to mention in this report, image 1237-15043, 
dated 17 March 1973, known as Bahia de sechura, (not shown) provides 
em example of the extreme aridity of the northern Peruvian coast ax^ 
the general location of phosphate deposits. 

Area 4 - Wortheeist Peru emd Westernmost Brazil 

Area 4 lies east of Area 3 between lat 4®-8® S. and long 72®-7S®W. 
It covers the eastern flank of the Andes and headwaters of the Amazon 
Beisin. Much of the area is being actively explored for petroleum as 
well as mineral resources. 

Like Area 3, it is difficult to acquire cloud-free data. Eleven 
images were obtained and, of these, only two had less than 50% cloud 
cover. Image 1195-14291 of the Iquitos area (not shown) provides a 
typical excunple of the terrain that comprises the western Amazon Basin. 
Because of the lack of data in this area, however, it was decided to 
concentrate our efforts in other areas. 

Area 5 - North Central Brazil (Araguia ) 

this area lies between lat 4®-8® S. and long 48®-54° W. in 
northeast Brazil on the south side of the Amazon Basin. It was selected 
to support the Radam Project of Brazil, a multidisciplinary program to 



inventory the Amazon Basin by analysis of side-lo(^lng airborne cedar 
images. For reasons never explained • data ware not received for this 
area. 

* 

.• 

Area 6 ■ West Central Brazil (Porto Velho ) 

The Porto Velho area lies between lat 8^-*12" S. and long H. 

on the southwestern margin of the Amazon Basin. Zt was selected, as 
Area 5, to support and supplement the Radeun Project of Brazil. No 
data, however, was received for this area. 

Area 7 - Peru-Chile-Bolivia Border (La Paz) 

This area lies between lat 16®-20® S. and long 66*-72“ W. and 
covers southern Peru, northern Chile and western Bolivia from Lago 
Titicaca on the north to Salar de Uyuni on the south. It was selected 
for study because it covers one of the major "bends" of the Andes 
and is famous for its copper, tin and tungsten deposits. It was 
believed that here there would be a high probability of being able to 
determine the relationship of lineaments to the distribution of various 
types of ore deposits. 

Because of the relatively arid climate throughout much of the 
year, 56 images were acquired within or bordering the area. Of these, 

22 had cloud cover of 50% or greater and 17 had 10% or less. It was 
the first area in which sufficient coverage became available to 
compile a mosaic of Landsat images. Bie La Paz mosaic (fig. 2, app. A) 

compiled by the Special Mapping Center of the U. S. Geological Survey’s 

0 

Topographic Division, was produced from 1:1,000,000 scale positive band 6 
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tranaparencies and diatrlbutad to In^country cooperating investigators 
for evaluation and interpretation. Band 6 images were chosen because 
of their near infrared characteristics and because bands 4, 5, and 7 

I 

were being used to make diazochrome color composites by the investigators. 
An accuracy evaluation of the mosaic was made by the USGS Topographic 
Division which found that north to south measurements of points were 
vrithin 100 meters of their true location, but that east to west measure- 
ments had a maximum error of 1300 meters. On the mosaic, at a scale of 
1:1,000,000, this means that some points may be located slightly more 
than 1 mm east or west of their true position. It is believed, therefore, 
that the mosaic, laid from the World Aeronautical Chart (OKC-P26) 
as a base, is reasonably accurate and certainly more detailed than the 
existing maps of the area. 

Linear features on the mosaic were compiled on an overlay map. 

The interpretation was then compared to interpretations done by 
cooperating investigators to develop a map of relative confidence of 
interpretation. Using published and unpublished mineral deposit 
location maps, the writer then developed a revised metallogenic map as 
an overlay map. This was supplemented by a seismic hazard map compiled 
from computerized earthquake epicenter information from the files of 
the U. S. Geological Survey. These maps and their geological significance 
are described in the Appendix (Ccurter, 1974). 


A Host interesting result of this study is detection of a high 
concentration of lineaments that bound and define the Chile-Peru porfihyry 
copper belt. The belt ranges frost 20*40 km wide and has been traced 
for 500 km across the lA Paz mosaic area. Several llnements within the 
belt correlate well with faults on piiblished maps derived from earlier 
field work by local geologists. The lineaments and their intersections 
may serve as guides for future exploration within the belt. The belt is 
known to extend intermittently to the south at least as far as the 
El Teniente mine in central Chile and to as far north as central Colonbia. 
The potential for the discovery of new deposits within it is considered 
high. 

Also of significance are the transverse lineaments that cross the 
Andes in NE and roughly E-W directions. Of thesei perhaps the most 
significant is that which extends from south of Cochabamba, Bolivia, 
in a westerly direction, through the Desaguadero River Valley, the 
region of Toquepala and the coast near Punta Yerba Buena between 
Mollendo and Ilo, a total length of 600 kilometers (Figure 15) . Because 
the Desaguadero River Valley is sharply deflected along the lineament 
to the east from its generally southeast direction from Lake Titicaca 
to Lake Poopo, the lineament is referred to as the "Desaguadero 
Lineament." It is expressed physiographically as straight valleys, 
stream beds and, in places, as marked changes in surface tone in 
Quaterriary and Recent rocks and soils. 


A similar "gsotactonic lina” known as the Santa Cnis-Arica line 
was postulated by Pontus Ljunggren (1962) to es^lain the mineralogic 
differences in the Bolivian tin belt which occupies the eastern part 
of the La Paz Mosaic (Carter, 1974). Ljunggren noted that the northern 
part of the belt was narrow, closely associated with granitic rocks 
high in elevation and exposed at the surface} and that the mineralogy 
consisted of a single phase of high temperature minerals. The southern 
group of deposits, he noted, are more wide spread, associated with 
granitic rocks that are lower in elevation or not exposed, and consisted 
of two phases of generally lower temperature minerals. Ihe "Desaguadero 
lineament" separates these two mineral subprovinces near Ljunggren* s 
"geotectonic line" (Figure 16) . Perhaps comparative studies of the 
mineralogy of the porphyry copper deposits north and south of the 
Toquepala region will reveal similar differences in mineralogy and 
temperature of ore genesis. 
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Figure 16. Illustrations from I^unggren (19&) showing the postulated 
Santa Cruz*Arica geotectonle line in relation to the 
Bolivian tin belt and the Brazilian Shield. Ihe location 
of the Besaguadero lineament is shown in both A and B. 
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nie llnsar f«atur«s identified on the La Paz Moaaic are currently 
being field checked in eeveral areaa of Bolivia by the Mineral Reaourcea 
Diviaion of the Geological Bervice of Bolivia (GEOBOL) . ,Zn July 1974, 

*4 

when the writer was visiting their offices, a field geologist had 
just returned from the Altiplano with samples of fractured reddish* 
brown sandstone enriched with malachite and ohalcocite, two important 
copper minerals. The bedrock ie from the aame formation that contains 
the famous Corocoro disseminated copper deposit. Ihe sample had bean 

found in the trace of a fracture system mapped as a lineament on Landsat*! 

data (the La Paz Mosaic) and is known to have an extent of at least 20 km. 
Although the grade of mineralization is not yet known, a plan for more de- 
tailed exploration of the area has been developed and is now underway. 

Landsat-1 data, therefore, has served as a guide for new exploration that 
may have economic benefit for Bolivia. 

It is hoped that the Landsat-1 mosaic and overlay maps developed in 
this eurea and elsewhere in this report will serve as models for continued 
studies of the Andes and other regions of South America, and that 
eventually enough relatively cloud-free data will become available for 
a mosaic of the entire continent at some smaller scale (e.g. , liS,000,000) . 
Analysis of systems of linear features on a continental basis will likely 
increase our knowledge of the structural development of the Andes and 
improve our understanding of plate tectonic theory. 

As part of this experiment, the Salar de Coipasa image (1010-14035) 
(Fig. 17) was reproduced in color by the General Electric Company's 
Space Division Photographic Engineering Laboratory, Beltsville, Maryland. 
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figure 17. Color compoeltc image of the Selar de Coipate area, Bolivia 
reproduced by color Xerox. (E1010-1A035) 
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It ssrvad M a dwonttration product for tha Bolivian ERTS Projact 
and was usad aa a baais for oompariaon with black and whita iaagaa. It 
alao aarvad aa a guida to tha color lithografAiic napt praciaion procaaaad 
by CSFC/NDPF and printed by the Bolivian Znatituto Gaografico Militar 
with the cooperation of tha Topographic Diviaion, U. S. Geological 
Survey and the Inter American Geodetic Survey. Thia type of 
international and interagency cooperation ia aymbolic of the 
cooperation that ia developing around the worlds aa Landaat*! data ia 
evaluated and applied. 

Area 6 ~ Belo Horiaonte, Brazil 

The Belo Horizonte quadrangle lies between 16*>20‘* South latitude 
42"-48‘ West longitude and is well known for its production and extensive 
reaerves of itabirite iron ores. It has been extensively mapped by 
uses and Brazilian geologists and v'aa selected for study because of 
the abundance of published detailed geologic information that could 
provide support to the investigation. Unfortunately, «to data was 
received for this ares. 

Area 9 - Worth-central Chile {Taltal-Copiapo)/Area 10 - Tucuman, Argentina 

The Copiapo quadrangle lies between 24°~28‘’ South latitude and 

66 *’-72^ West longitude in north-central Chile. It is a major mineral 

producing area in which iron, copper, gold, silver, and mercury have 

contributed significantly to the country's economy for centuries. The 

area has been well mapped by Chilean and USGS geologists and published 

, ' 

reports are available. Notable among these are the detailed quadrangle 
maps of Kenneth Segerstroro of the 0. S, Geological Survey, published in 
Chile by the Institute de Investigaciones Geologicas. The area was 



Figure l8. Landsat-1 Mosaic of the 
Copiapo Region, Chile and Argentina 










Figure 19« Landsat-l Mcdaic of the 
Tucuman Region, Argentina. 
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selected for study, therefore, because of its high mineral potential 
and the wealth of detailed information* 

Ihe Tucuman area (Area 10) lies adjacent to th.f east of the 
Copiapo area between 60** -66* West longitude, it was ..eluded in this 
study so that the entire width of the Andean movuitain range would be 
covered. Of 53 images acquired by Londsat*! for the two areas, 26 had 
cloud cover of over 30% emd were not considered useable for the mosaicking 
process. Only at the end of the contract period was sufficient data 
acquired to compile the two Landsat-1 mosaics, Copiapo (Figure 9) and Tucuman 
(Figure 10) . They were constructed with band 6 black and white images. 

The work was done by the Western Mapping Center, Topographic Division, 

U. S. Geological survey, Menlo Park, California. 

Interpretation of linear features was conducted by W. D. Kowalik, 
Pennsylvania State University, and summarized using the same procedure 
as was used in Venezuela (Area 1). For the Copiapo area, 3,206 linear 
features were identified on the mosaic supplemented by diazochrome color 
composites of bands 4, 5, and 7 images. The accompanying histogram 
(Figure 20) shows frequency peaks at N47‘*W, N9®S, N41®E, and N51“E. 

As in Area 1 of Venezuela, the presence of many subsidiary peaks 
Indicates that the pattern is not simple. The N47®W and N41'*E trends 
can be taken to represent a ragmatic shear pattern of fracttires at 
nearly 9® to each other. 

A peak parallel to the scan line direction of the images suggests 
that some of the linear features may be scan lines, A "trough" is also 
noted at 290® (N70®W) but is not a result of sun azimuth bias in this 
area (24®-28® South latitude) because the average sun azimuth is primeurily 
northeasterly. 
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Figure 20a. 


Frequency of orientations summarized for lineaments 
of the Copiapo, Chile mosaic (Figure 17). The NUTW and 
nUIE peaks may be interpreted as elements of a regnatic 
shear pattern. 
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Figure 20b. Frequency of orientations summarized for lineaments 
of the Tueuman, Argentina mosaic (Figure l8). a 
northeasterly peak is lacking. 
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A simplified overlay showing major linear features was made by 
Carter on which were placed the locations arJ principal metallic 
elements of each of the known ore deposits in the mosaic iurea. Sources 
of mineral locations were the Mapa Metaiogenico de Chile (1962) by the 
Institute de Investigaciones Geologicas (scale 1:1,500,000} and 
Mapa Minero, Salta, Catamarca and Tucuman, 1966, by the Institute 
Nacional de Geologia y Mineria. This product was used as a base to 
develop a revised metallogenic map of the area. Work is continuing 
to get this preliminary map into publishable form, it will soon be 
reviewed by Chilean and Argentine cooperators. 

It is interesting to note that the two largest copper mines of 
the area (El Salvador and Portrerillos) lie in a crude belt along a 
very prominent set of north to MlOE linear features extend^.ng the entire 
length of the mosaic. A few smaller mines lie short distances both 
north and south of the larger mines, but it appears that eulditional 
prospecting along the length of this trend could be worthwhile. 

Also of Interest are several dark bedrock areas which may be 
basaltic lavas. However, their extreme low reflectivity and similar 
shape, size, tone, and location directly south of the famed Laco iron 
(martite-magnetite) deposits (a distance of 250-300 km) lead to 
speculation that these, too, could be ferrous ultramatic 
deposits. These areas have been defined, using both 
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positive and negative versions of the mosaic at the 1:1,000,000 scale. 

They lie south of an ^urea known as Antofagasta de la Sierra in the 
drainage basins known as r£o Colorado, Pirica and El Pinon between 
26* and 26*30' South latitude and 67° and 67° 30' West longitude. 

Two areeis are 8-10 km long and 4-5 km wide. The southernmost is 
about 8 km in diameter. The existing maps of the area show that 
no mineral production has come from the region, nevertheless, it 
appears to be a favorable area for exploration. This possibility 
will be brought to the attention of Argentine colleagues who, 
hopefully, will do some field mapping and sampling in the designated 
areas. 

Area 11 - Santiago, Chile, and Mendoza, Argentina 

This area lies between 32°-36° South latitude and 66°-72° West 
longitude and spans the Andean Mountain Range from the coast of Chile 
to the Argentine pampas. The area was selected, because the area 
is personally known by the author and covers a wide range of ore deposits 
of which the Rio Blanco and El Teniente Copper Mines are most famous for 
their production. 

Although sufficient data is now available for construction of 
a Landsat mosaic, it has not as yet been done. This compilation, however, 
will be a major first step in continuing the project under the Landsat-2 
Experiment. 
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Several of the images were studied both by the author of this 
report and his assistant, Stuart E. Marsh, in the summer of 1973. 

It was found that b£md 7 images were best suited for identification 
of linear features in this area of extreme relief in the Andes. 

Mt. Aconcagua, the highest peak [6,850 m (22,834 ft.)] in the western 
hemisphere, lies in the north central part of the area, 135 km from 
the coast. Most of the terrain is extremely rugged and difficult of 
access. Geologic maps of much of the region are generalized and 
based on sparse field sampling acquired with great difficulty. 
Therefore, it is believed to be an area where the synoptic view from 
space can provide a great deal of new and valuable information. 

Area 12 - Magallanes, Chile - Argentina 

Tliis area lies between 52®-56" South latitude and 66®-72® West 
longitude at the extreme southern end of the South American continent. 
It is a poorly mapped region except in the Tertiary basins, where 
petroleum exploration and development has been going on for more than 
twenty-five years by both Chile and Argentina. 

Eighteen images were acquired by Landsat-1 over the region and, 
of these, only four had cloud cover of 30 percent or less. Of these 
four, three were over the South Atlantic Ocean and not useable for 
interpretation. In spite of the cloud problems, all images were 
sent to Dr. Eduardo Gonzalez, Chief Geologist of the Empresa Nacional 
del Petroleo de Chile (National Petroleum Co.) for analysis. By 
using only the small cloud free portions of the images, Dr. Gonzalez 
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was able to compile a 1:1,000,000 scale map in the northwest part 
of the area near Laguna Blanca. He was able to define & new 
basin, believed to cont6dn Tertiary sedimentary rocks, which he 
strongly believes will be worthy of exploration for petroleum 
resources. Although copies of the map are not yet available to be 
included in this report, this finding may be one of the most 
economically significeuit results of this experiment. 
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8,0 Significant Results t 

8.1 The experiment has shown that with a small amount of 
introductory training, a cadre of geologists in each of the partici- 
pating countries could utilize Landsat-1 data both efficiently ana 
effectively. They greatly appreciate the synoptic view of large 

areas provided by Landsat-l images which place the geology of known regions 
into a regional context. All have found the data beneficial in 
extending their knowledge from known to unmapped regions. All work 
to date has been done with the most rudimentary equi£xnent and, in 
most cases, with black and white images at the 1:1,000,000 scale. 

8.2 The discovery of copper mineralization along a lineament 
mapped in Area 7 (La Paz) has lent credence to the use of Landsat-1 
data as a basic step in mineral esqjloration. The discovery has 
provided guidance and resulted in the development of a systematic 
plan for exploration which should save time and money by concentrating 
on predetermined targets which have been identified by analysis of 
Landsat-1 data. 

8.3 In Area 9 (Copiapo Region), a nvunber of lineaments have 
been found to be associated with the largest copper deposits of the 
region. These will serve as guides to new exploration. The possible 
identification of extensive Tertiary iron deposits in the Antofagasta 
de la Sierra area of Argentina should encourage exploration in that 
remote region of the world. 
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8.4 In Area 12 (Magallanes) / the identification of idiat is 
believed to be a Tertiary basin from Landsat-1 data has resulted in a 
new area for petroleum exploration. While it will take time for 
field studies, geophysical surveys, and eventually drilling to 
confirm a new resource, the fact that the potential has been 
identified is important and will encourage exploration into this 

and other areas. 

6.5 Band 7 images, as black and white transparencies, were 
found to be the most useful for geologic interpretation in both 
tropical vegetated 5ireas and desert regions. Band 6 images 
(near-infrared) were used for Landsat mosaic compilation as a compromise 
between visible (band 5) and another part of the near-infrared 

(band 7) parts of the spectrum. 

6.6 Color composites made by the diazochrome process, chromaline 
process and from color additive viewers provided additional information. 
D^. Carlos Brockmann of Bolivia ran tests with his team, which indicated 
that information extraction increased by 50-60 percent using color 
composites. While color compositing methods are not yet universal, 

it is expected to increase as experience in the use of Landsat data grows 
and budgets for its operational use are obtained. 

8.7 One precision processed photomap of the Salar de Coipasa 
region, Bolivia, was produced by cooperative efforts of GEOBOL, the 
Instituto Geografico Militar of Bolivia and the Inter American 
Geodetic Survey and U. S. Geological Survey. Because the product is 
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excellent and conforms to accepted map accuracy standards, the Bolivian 
Government planned to request precision processing for all future images. 
It was recently discovered, however, that bulk processed images could 
also be produced within mapping accuracy standards, thus saving both 
time and money. 

6.8 Mosaics of Landsat-1 data covering 4x6 degrees of latitude 
and longitude compiled at the 1:1,000,000 scale have been found to 
be em ideal size and format for most users. Band 6 data used on 
the three test examples produced to date have been satisfactory for 
most geologic applications. Two different groups within the 
Topographic Division of the U. S. Geological Survey gained experience 
in the preparation of the Landsat-1 mosaics and have been able to advise 
visiting foreign scientists on their methods. 

9. 0 Cost Benefit Considerations 

9.1 Approximately 1,000,000 square kilometers of South America 
have been investigated with Landsat-1 images under this project. The 
experiment began January 1973 and extended through June 1974, involving 
three 0. S, Geological Survey professional geologists on a part-time 
basis and two summer student assistants. Total salary costs were 
approximately $20,000, Mosaics were compiled for three areas at a 
cost of about $3,000 per mosaic. Total project costs, therefore, were 
about $30,000 or $.03 per km^ for the 1-1/2 year period. 


58 


9.2 Additional and more extensive work has been done by the 
in-country participants* but no attempt has been made to evaluate their 
costs* except in Bolivia. 

Recent discussions on cost/benefit analyses with Dr. Carlos 
Brockmann of Bolivia have identified two areas where the use of 
Landsat-1 data can be compared with conventional methods. Brockmann 
stated that in making the existing soils maps of Bolivia, a British 
contract team worked 8 years to produce a very generalized soils 
map published at a scale of li 2* 500*000 at a cost of $400*000. This 
cost undoubtedly included field sampling and analysis. Brockmann 
believes that using Landsat-1 data he can make a more detailed soils map 
of the country at a scale of 1:1*000*000 in two years at a cost of 
about $20*000* Scunpling costs not included. He is initiating the 
effort at this time and hopes to have it completed in 1976. Potential 
benefits in savings of time could* therefore* be estimated to be 4:1 
and in dollars* approximately 20:1. 

Dr. Brockmann is also a specialist in planning and designing 
gaslines for Yacimientos Petroliferos Fiscales de Bolivia (YPFB) * the 
national petroleum company. His previous experience using conventional 
aerial methods on existing gaslines have enabled him to plan four 
alternative routes for a line that will connect the Santa Cruz 
gas field to the Bolivian border and to a Brazilian pipeline that will 
provide gas to markets in Sao Paulo* a total length of 1800 km. The 
maximum length of the Bolivian portion could be 550 km, generally 
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following tho eKisting railroad bad. Using Landsat-1 data» Brocknann 
recommends an c<ptimum route of 517 km. He roughly calculates savings 
of 16 km which at current U. S. costs of approximately $150, 000/km 
for a 26 in. line could provide savings of $2.4 M. Brockmann intends 
to dociunent this more fully when the planning project is completed. 

9.3 On the benefit side of the ledger we as yet have no hard 
figures. The knowledge gained by all participants in the experiment 
is difficult to quantify. Several promising areas involving potential 
copper, iron and petroleum resources have been identified and if any one 
of these possibilities becomes -verified, the value could far outweigh 
the cost of the entire Landsat-1 experiment. Verification steps are now 
underway in several areas and some tentative answers should become 
available during the current (1975) field year. 

Early cost/benefit estimates conducted by Westinghouse (1967, 

Table 3-1) based on interviews with U. S. Geological Survey geologists 
showed Ir.cx eases in efficiency of approximately 7 percent or at that 
time, approximately $7 million. These estimates are considpred by 
the writer to be conservative one-time benefits based or one complete 
coverage of the conterminous United states where base map coverage is 
complete and most of the geology of the country has been mapped in 
considerable detail. The report did not consider less mapped, remote 
areas of the world where one-time benefits could be much larger, nor 

did it consider the fact that repetitive coverage could enhance our 

• « 

knowledge of geologic processes. 
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For example, Krineley (1974) has demonetratad the seasonal 
dynamics o£ water distribution in playa lakes in Iran, and Stoertz 
and Eric)csen (1972) have shown the distribution of playa lakes in the 
deserts of the central Andes. One time coverage generally shows most 
playas as large white masses, much like snow in reflectance in film 
or paper prints. The authors believe that the use of CCT's 
and computerized analytical tools will enable us to subdivide these 
bright reflectance levels and, perhaps, subdivide the playas by 
surface roughness and possibly mineralogic distribution. If 
successful, it would greatly assist the exploration for and 
exploitation of salts, sulfates, 2 ind nitrates within the playas. 

Collins and others (1974), in conducting petroleum exploration 
of the Anadarko Betsln, estimated that Landsat-l ct : helo reduce the cost 
of geologic exploration by 20 to 50 percent. From the work conducted 
on this project and associated efforts by my South Americeui colleagues, 

I 2 un inclined to agree that in well-known areas of easy access, the 
figure might range from 10 to 20 percent and in remote areas of 
difficult access, savings of 25 to 50 percent are feasible. It is 
interesting to note that in Bolivia, where large tracts of unmapped 
land are now open for leases by petroleum companies, the first action 
taken by the petroleum geologists is to visit Dr. Brockmann's office 
to see what Landsat-l data is available to help them. 
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10 . 0 Conclusions 


10.1 The data provided by Landsat-1 has far exceeded our early 
expectations. The synoptic view of large areas enhanced by mid-ntorning 
sun angle is ideal fo? geologic mapping, especially of linear, curvi- 
linear and other geomorphic and structural features. Crude definition 
of rock types were made in some areas and were supported by existing 
geologic maps. Black and white multispectral images and mosaics and 
diaaochrome color composites were used for most of the Investigation. 
Band 6 and Band 7 near-infrared images were found to be most 
satisfactory and were used extensively. 

10.2 Where repetitive coverage was available, we found that snow 
cover and water areas related to saline lakes were the most obvious 
changes that could be identified. No significant differences or 
relationships were noted in regard to the definition of linear features 
but this is probably due to the paucity of repetitive Landsat-1 data. 

10.3 The scale and resolution of Landsat-1 data is ideal for broad 
regional geological surveys, because it is near-orthographic even in 
areas of great relief, such as near Mt. Aconcagua {6500 m] . The scale 
of 1:1,000,000 is excellent for it matches the scales of many national 
resource maps; e.g., Peru Metallogenic Map, National Map of Bolivia, 
although different map projections used can produce some variation in 
planimetric orientation. It can also be enlarged to 1:500,000 and 
1:250,000 scales in even small, unsophisticated photographic 
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laboratories. For example# Bolivia has used the lt2S0#0O0 scale format 
extensively for detailed resource and land use studies of several 
depeirtments (states). For most geologic features of a regional scale# 

80 m resolution Is entirely adequate. Finer resolution (e.g., 40 m) , 
however# could be useful In locating mine workings with greater 
accuracy, particularly In the areas where mines have little contrast 
with the surrounding region. 

10.4 The wide range of data products that can be provided from 
Lemdsat-1 data have only been partially te;?ted in a cursory meuiner under 
this experiment. We have not y«t begun to explore# for example, the 
application of computer compatible tapes and density analyses of the 
complete spectral range of the multispectral data. Nor have we ade- 
quately explored a variety of enhancement techniques, that, each day# 
are becoming more sophisticated. While we have used standard methods 

of color compositing, w- have not explored the use of color variations 
In rock type discrimination or change detection. 

10.5 In spite of the above limitations, it is safe to say that 
the experiment has provided useful, much needed data to the countries 
involved and has successfully served as a medium of technical infor- 
mation exchange at minimum cost and, in places, under very difficult 
conditions. 

10.6 The models developed under this experiment have been found 
to be acceptable and useful to the in-country scientists. A unified 
and systematic approach appears to be evolving. 
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10,7 Landsat-1 data has succeeded in bringing the team of 
international scientists involved in this experiment together for 
additional exchange on an independent basis. 

11.0 Recommendations 

11.1 This experiment has proved to be of valuable assistance 
to the developing nations of South America and it is recommended 
that it be continued as a lidndsat-2 follow-on experiment and extended 
to countries that are not yet involved. 

11.2 Landsat-2 coverage should be extended to the remaining 
regions of the South American continent that have not yet been 
covered. Special effort in programming satellite coverage will be 
required for the cloud covered regions of the Colombian and Ecuadorian 
Andes and the southern third of Chile. 

11.3 A band 6 or 7 mosaic of the South American continent should 
be constructed to provide a total overview of the region, when 
sufficient data becomes available. It is recommended that it be done 
on an international basis in the 4x6 degree format using the Universal 
Transverse Mercator projection and grid system and at a scale of 
1 j 1,000,000. Hopefully, this will be done by the in-country agencies 
on a national basis using local resources. A mechanism should be set 
up whereby these local compilations can be joined to make a continental 
mosaic at a 1:5,000,000 scale. 
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11.5 It is recommended that the Landsat-1 follow-on experiment 
for South America continue its current objectives but also include 
experimentation and evaluation of the use of computer o^'"''atible tapes 
for geologic applications. Digital enhancement of linear u itures, 
discrimination of rock types and salt types in salars, definition of 
alteration zones related to ore bodies in arid and tropical regions 
are major problems, in which some significant progress has been 

t 

recently made but not fully tested on the South American continent. 
Demonstration products of these applications on local problems will 
meike them more meaningful to in-country scientists. 

11.6 Interest in the use of the Data Collection Platforms (DCP) 
to support satellite observations has become very strong in Chile, 
Bolivia and Peru. Studies are now underway to determine how estab- 
lished tracking stations at Collnas, Chile, and Ancon, Peru, might be 
modified to enable the use of this capability. An agreement to lend 
Bolivia a DCP and water level meter has been drafted to determine the 
southern limit of DCP reception by the Goddard Space Flight Center. 

The success of transmitting DCP data from Iceland to Goddard suggests 
that the southern limit c^'uld be as far south as Arica, Chile 

(20° south latitude) and perhaps even farther into the high Andes. 

The Bolivian experiment will test the hydrologic application of DCP's 
in various regions (northern tropical lowlands, central Andean foot- 
hills and southern Altiplano) , where water resources are important to 
future development of the country. It is recommended that all 
necessary cooperation be given to this effort. 
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11.7 No modifications are recommended for Landsat-2 except that 

we would like to more adequately test ani compare the return beam vidicon 
(RBV) images with those of the multispectral scanner (MSS) . 

11.8 The planned modifications for Landsat-C which include the 
increased resolution of the RBV system and the addition of the thermal 
channel to the MSS are endorsed as important additions to this 
experimental phase of satellite development. 
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TECTOLINEAR XNTEPPRETATION OF AN ERTS-1 MOSAIC. 

IJL ?AZ AREA. SOUTHWEST BOLIVIA. SOUTHEAST PERU AMD NORTHERN CHILE 

V. 0. Carter 

US ecological Sunrey. taccon. Virginia. USA 
ABSTRACT 

The La Par mosaic, compesed of all or parts of 22 Earth Resources 
Technology Satellite (ERTS-1). Infrared, band 6 images (0«7<>0*8 
■tcroaetera) at a scale of 1:1.000.000. has been complied as a model 
deelgned to establish systematic mapping procedures. Such mosaics 
mill assist regional small-scale geologic mapping and mineral resource 
Sovestlgatlons In lesser developed countries* The mosaic covers an 
area of 276.000 square kilometers between 16* and 20*S latitude and 
S6* and 72*W longitude. It Is centered over one of the major bends of 
the Andes Mountains aiu! spans several major mineral resource provinces 

An Interpretation overlay of linear features, most of which are 
considered to be faults, fractures, and folds. Indicate chat the 
dominant structural trend is MNV to NW* This trend Is probably due 
largely to orogenle forces resulting from subductlon along the western 
margin of the South American continent* Between La Paz and the Salar 
da Coipasa. Bolivia, there is also a strong secondary set trending 
nearly E-H* These may be related to transverse movement between the 
northern and southern portions of the South American plate. A 
tertiary set of llnears of lesser abundance trends NE. All of the 
llnears arc at least 5 kilometers in length, and the longest have been 
traced for more than SOO kilometers. 

The tectolinear overlay is compared with other Independent 
Interpretations, existing geologic maps, mineral deposit and oil field 
location maps, and seismic epicenter maps to determine its utility as 
an exploration tool* 


Presented at the Committee on Space Research, Seventeenth Plenary 
Meeting, Sao Jose dos Campos, Brazil, June 1974, 
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1* liitroductlen 

The launch of the flret Earth Seeourcee Technology Satellite 
(ERTS-1) in July 1972 brought earth ecientlste Into the apace age by 
providing the opportunity to view large areaa of the world niltl- 
■pectrally and repetitively under nearly unlfom lighting condltlona. 
ERTS»1 orblta the Earth every 103 nlnutea or 14 tlaee per day at an 
altitude of 920 ka* The orbit la Inclined about 10* to the eaat of the 
Rorth Pole and croBses the Equator on Ita aouthern pass at approxloatel; ' 
09t40 a.B* local tloe. Due to the rotation of the Earth each 
aueceaalve orbit haa a ground track that Ilea 1609.3 km or IS* veat of 
Ita prevloua track at the Equator. It repeata Ita cycle of obaervatloni 
every 16 daya. 

Becauae of the capability of ERTS<-1 to collect data on a world-vlde 
baalBi an experiment vaa dealgned to enaure that moat Interested 
national geological mapping agencies In South America had the opportunity 
to evaluate and apply samples of ERTS-1 daf*a to local geological 
problems. The experiment established a group of Investigators 
eonslstlng of representatives from Argentina, Bolivia, Brazil, Chile, 
Colombia, Peru, and Venezuela working In cooperation with the author, 
rwelye areaa, each 4x6 degrees of latitude and longitude, were 
selected to concentrate on principal mineral resource areas and tectonic; 
features of the Andes and key areas of the Brazilian shield (Figure 1). 
This paper describes and evaluates some of the first products derived 
from the experiment. It la hoped that It will serve as a model for 
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t Idulgolag ttttuTft syatAiutle nipping aetivitltt of tblo tjpo thnt ein bt| 
a vadtrtokoD olthor on o oaelonnl boolo or Joint Intomatlenol eooporoelv| 
I ibaoli* Xho ultlomto goal lo to coispllo o noMle of tho South Antrlenn i 
4 ttontlnonti and to dovolop produeto ouch •• now toetonie and notallogtnle 


pupa that will bo of valuo to rosoureo dovelopaont of all tho natlono 
llsvolvid* 


j 2. ms bagory 

• Tho aonaor package includoo throe Return Beam Vldleon (RfiV) 

t televlelon eomerao, each boreelghted to the nadir of the eone Image 
19 . leenot and each filtered to a epeeifle apeetral bend* Band 1 Imegee In 
11 Ithe green portion of the spectrum (O.ATS-O.STS mlerometere) ; Band 2 la ^ 
ta klltered to the red spectrum (0.580-0.680 micrometers) and Bend 3 is In 
» the nesr-lnfrared (0.698-0.830 micrometers). A second Imaging system 
14 imovn as the Multlspeetral Scanner (MSS), consists of an oscillating 


13 - mirror that scans narrow strips across the ground track. Reflected 
u lllght passes from the mirror through a prism where It Is split Into 
17 four bands, collected through fiber optics, and converted to an 


u uectronlc signal. The U bands are known as Band 4 (0.5 to 0.6 
14 micrometers), Band 5 (0*6-0. 7 micrometers). Band 6 (0. 7-0.8 micrometers) 

I 

I 

ao-jind Band 7 (0. 8-1.1 micrometers). Both systems view a ground track 
ai 185 km wide and provide 10 percent sidelap with each adjacent track at 


23 fhe Bquator. Sidelap Increases progressively toward the poles and at 

I 

higher latitudes can be more than 60 percent. This sidelap has been 


2* ued stereoscoplcally to estimate elevations to an accuracy of about 


u. b« oovcrmisi:ht mihmisc mf 



t (too ■ (tfllllMuit 1974). Th« KB7 lug* feraat !• squAr* but tbt MSS !• 
t ffaraibold* Both produeo •eonot covorlng 34,225 kn^ (13,225 ai^). Thu 

I • 

ground roaelutlon of ■tandard produeta la neolnally 100 b. Vhtla tha 

« I original laiagaa ara eraatad aa 70 m ntgatlva tranaparanelaa, thay can 

i. ba raproduead In a varlaty of anlargemanta and alao cocblned to pvoduea 

a falaa-eolor Inagaa. Proeaaalng dlraetly from eomputar compatlbla 

y llgltal tapaa parmlta pixel by pixel atudy of tha data at aealao aa 

,1 Large aa 1:24,000 In vhleb each pixel repreaenta an area of about 

t L baetare* Thla flexibility In product provider the opportunity for 

* 

io> laeb earth aelentlat to adapt tha data to hla particular needa or 
II problem. 

17 3. Par toaalc 

15 Tha la Par Moaalc (Figure 2)vas compiled at a acale of 1:1,000,000 
14 ualng contact prlnta made from 24 x 24 cm poaltlve transparenclea of 

tb-parta of 22 Band 6 Itnagea taken during 1972 and 1973. Their location, 

16 :he image numbera and datea are shovn aa an Index map and list In the 

n [over left margin of the mosaic. The mosaic covitrs an area of 

16 l!76,000 ka^ that lies between latitudes 16* and 20* S and longitudes 
19 (16* and 72* V. Southeastern Peru lies in the upper left, northern 

2 o-( Ihile In the south center, and southwestern Bolivia comprises the 

21 I astern half. Major water bodies Include the Pacific Ocean in the 

22 nouthwest, the southern part of Lake Titicaca In the north-center margin; 

23 uke Poopo and the Salars cf Colpasa and Uyunl are In the south, 
ilthough the mosaic Is not completely cloud free, sufficient ERTS-1 data 

25 - 3 
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I b«eani ftvmlUbl* «fttr 1-1/2 y«*rc of MCtlllto oporatlon to proport 
t tbit prtllnlntry product. 

s IfDit of tht rtgion it tptrttly popultttd, and of difficult tccttt. 

4 Sharp cllfft riot to altvatlona of 1000 m Mbrva tta lavtl along tht 
». eoatt* Tht coot cal terrain contltCt of high ttrracta conpoaad of 
« fartlary and Quatarnary ttdlatncary rocka and gently rolling hlllt of 
7 tht Coaatal Range compoted of Paltotole, Juraselc and Crteactout 
a Igntoua and tedlnentary rocka. Thla range forms the vettam boxmdary 

• it Che Taaarugal Valley of tht Atacama Desart In the south, a vallay 

to> Filled with Chick layers of tlluvium capped by significant talc 
t* lepotltt. East of the Tamarugal Valley the' terrain rises steadily to 
12 10 tltvaclon of about 4000 m to the level of the Altlplano which, on thij 

II ittt, la dotted by scores of Tertiary, Quaternary, and Holocene volcanic 
conet and craters that mark the most recent orogenlc activity of the 

i»-Vettem Cordillera. The Altlplano consists largely of Tertiary and 
IS jhiatemary rocks cropping out In a high interior basin marked by 
17 playas and lakes that lie between the Western and Eastern Cordillera. 

» TOe Eastern Cordillera consists of folded Paleozoic rocks which crop 

» out in the northeast part of the mosaic and appears as rugged terrain 

i 

20-romposed of sharp northwest- trending ridges and deeply Incised valleys. 

21 4 . Tectollnear Overlay 

22 The mosaic spans a very critical structural zone of the Andes 

23 I'here north-trending linear features of northern Chile and southern 

1 0 livia swing northwesterly Into Peru. The region Is Important for Its 
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1 Uln«r«l r«toure«s for vlthln It ore aojor eeppor* tln» and tungoton 
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depotlta veil as aignlfleant' production of lead, cine, allvar, gold, 
end culfur. 

An overlay (Figure 3) depleting linear and eurvlllnear featurea 
iiaa eonatructed at contact aeale (1:1,000,000) to define poaalble 
itruetural featurea that could he Influential In the olgration of ore» 
>carlng flulda or that could be eonaldered potential haxarda In thla 
lelanleally active region, Llneara auch aa atralght aegmenta of 
itreama, eearpllke rldgea, linear ehangea In tone and almllar featurea 
10 - that are 10 km (10 tisn on mosaic) or longer were eonaldered to be of 
» lotentlal algniflcanee* Solid and long daahed llnea and dotted llnea 

12 'fere uaed to Indicate relative degreee of certainty In Interpretation. 

13 Short daahea were used to depict linear features believed to correspond 
>4 to bedding plane contacts of significance. Water bodies and salars are 

13- outlined for geographic reference and volcanic centers are depleted by 
13 Ik, radial star-shaped pattern to note their locations In relation to 

iktructural features where Quaternary to Holocene volcanic debris may mask 
3B structural features. 

<9 I The best known, and perhaps most outstanding, linear features are 
3o- .hose which bear north to northwest paralleling the coast and core of 
21 I he Andes. These are seen clearly, especially In the Western and 

Eastern Cordilleras. They appear to be largely of tenslonal origin and, 
northern Chile, a graben-llke feature, 20 km vide and 100 km long. 


23 


24 


Is clearly portrayed on the western flank of the Western Cordillera. 
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1 rbtM ttructures and the concantratlon of volcanic activity ara balleva^ 
> to bo due to aubductlon of a major portion of the eaatem Pacific 

3 Flooti known as the NAZCA plate, eastward under the South American 

4 Bondnent. 

A lasser aet of northeast-trending llnears extends largely aa 
short seements roughly perpendicular to the coast and are radial tenslot| 
features as part of the arc expressed by the curved bend of the Andes 
In this area. They are especially abundant in the northeast quadrant 
»f the mosaic In the more rugged and folded Eastern Cordillera. 

> 0 - A third set, and perhaps the most significant set recognized in 
this study, are a group of nearly east-west trending linear features 

% 

that extend from the Peruvian Coast west of Toquepala across the 
Utlplano to south of Cochabamba in Bolivia. This zone appears to 
represent transverse or horizontal motion In which layered rocks in the 
area to the north have been moved eastward as much as 20 km. The 

16 te 


I 


estward trend of the coast north of Arlca, however, suggests that 
inajor movement has been vo the vest through geologic time. VThlle the 
** ilgnlflcance of these features and sense of movement Is not clearly 

understood at this time. It Is felt that this zone may be a key area In 
iinrayellng the structural history of the Andes. Further field work Is 
recommended In this atea* 

* 

5. Relative Confidence Map 

To evaluate this Interpretation a relative confidence overlay was 
jnade In which those linear features which agreed with published sources 
23-1 6 


22 

23 

24 
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trt mriced in rnd (Figure 4). Those feetures which were Identified by 
t toth the principal investigator end one or sure of the national 
s e»>4nve8tigator8 were narked In green* Published snall-Bcale sources 
4 m acarce and difficult to assemble. The Metallogenic Map of Peru 
•- (eeala 1:1, 000,000) was Ideal for comparison, however, and the few ore- 
s Muring etruetural features sivrtfn on that nap coincided well with those 
7 ^^cted on the tectellnear overlay. A separate ERTS-1 interpretive 
s of the volcanic and linear features by Kussmaul (1973), as part 

i 

\ 

t sf tiie Bolivian ERTS Program, also shoved good agreement «dth this 
to- Interpretation for the areas of coincident coverage. Those areas in 

11 shlch disagreement or divergence exists are defined as areas where 

12 ftorthex study Is needed. 

IS 6. Metallogenic Overlay 

14 A composite metallogenic map overlay (Figure 5) shoving the 

i»- location and principal elements of known ore deposits was made from the | 
It ^pa Hetalogenlco de Peru (scale 1:1,000,000)}. Kapa Metalogenlco de 
17 Chile (scale 1:1,500,000), and published records of Ahlfeld (1964) for 
1* wUvia* The latter were later updated by Dr. Carlos Brockmann 
»• '(written communication) and bis ERTS Experiment Team and have been 
2 c- ^ded to the existing compilation. 

21 Superimposing the • composite metallogenic map over the tectollnear 

^ interpretation enables the investigators to immediately see the close 
” relationship of structural features to the location of ore deposits of 
various kinds. Most prominent are the close association of major 
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1 

copper deposits to stroeturel llnesrs to oorthem Chile (Moths end 

2 

4 

Bern Colorado) and southeastern Peru (Toquepala to Arequlpa). mils 

I 

Barrow band of apparently Intensive structural activity appears to be 

4 

a very fertile area for further detailed studies. 

t- 

flnll curvilinear features Identified tnalnly along the vest nargln 


kf this "active” region nay be of special significance In locating ore 

T . 

Ic^slta near but ntc exposed at the surface. A similar feature, 5*4 kzi 

• 

(4 Biles) In diameter, was fo\md In eastern Arizona by study of an 

6 

IpoUo 6 photograph (Carter, Eaton and Bromfleld, In preparation). The 

16- 

irea vas field checked by detailed surface mapping and geophysical 

11 

Borveys. Aeromagnetlc highs were found on opposite sides of a gravity 

12 

Lav suggesting an Intrusive mass burled about 300 m below a surface of 

19 ! 

stratified volcanic rocks. Apparently the Intrusive mass expanded the 

14 

overlying caprock during Its fluid phase, failed to break through to thi 

16 - 

surface and contracted during so lid if leaf; ion leaving collapse features 

16 

1 

In the overlying bedrock. No drilling has yet been done in the area to 

17 

confirm the presence or absence of ore deposits, and the area remains 

16 

1 

IS a promising prospect. 

19 

The Corocoro copper mineral belt, consisting of disseminated copper 

20 - 

is associated with fine-grained sandstone of the Totora Formation of 

2 > 

rertlary age. These strata are known to extend from the shores of Lake 

22 

ritlcaca southeastward to near Salar de Uyunl, a distance of over 300 kti 

23 

South of Corocoro, near Dmala, the strata appear to be offset to the 

24 

vest a distance of 20-40 km by a suspected transform fault identified 

25 - 

8 


I', k. CUVLMNk-LNr fMIMINC OfriCC : Ittt O > 

RRPROT)UciBn.rr/ ("’‘“miij 
ORItHNAL PAGE 13 



ttd» Interpretation. Offaet of elmllor aegnltude along the eaine 


a iitmetare le alec euspected by offset of the tin belt which la parallel 


tile Coroeoro copper belt and Ilea about 90 kn to the cast. 


7. Solaalc Bazard Ouerlay 


A aelSBie hazard overlay was nade from computer generated locations 


seismic events recorded by tlw World Wide Seismic Ret frua 1963 


gh 1973. Only those events having a magnitude of 5 or greater 


re used because the area la so seismleally active. It was believed 


It a plot of magnitudes of 3 and 4 In this highly active area %rauld 


>o>|be too complex to be meaningful. Although generalized, the present 


rlay appears to outline the most active areas, and It is 


Indus 


lommended that construction works, whether they be civil, or 


trial-commercial activities, be planned with extreme caution where 


crossing or constructing near linear features within the areas of high 


seismic risk. 


8. Conclusions 


ERTS-1 Images provide synoptic views of large areas of the Earth 


** surface. These views are -essentially orthographic and easily mosaicked 


** at a scale of 1:1,000,000 providing image base maps of acceptable 


jsccuracy at that scale. The 4* x 6* format at this scale is convenient 


for Interpretation work on most standard light tables. 


In spite of the fact that data was collected over a 1-1/2 year 


period the solar illumination angle is relatively uniform so that 


irfaee tones and shadowing can be distinguished. Of the various 
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1 spectral beads available, the near infrared bands (6 and 7) hove proven 
3 to be nost useful for linear interpretation, especially in forest 
1 covered regions. While vegetative cover is absent In the area described 


td 6 vas chosen to mosaic the La Pas region because this band 


9 - Lombines the advantages of base penetration, evenness of tone and 


« delineation of water bodies. 


Bo attempt has yet been made in this study to enlarge the scale of 


* Iths mosaic or individual images to 1.500,000 or 1:250,000 scales. 


* From studies elsewhere, however, it is clear that additional geologic 


to- Inf ormation can be gleaned from the same images at larger scales. This 


Is also true of color combined images at the various scales. 


Kosaics at smaller scales (e.g., 1:5,000,000) serve as a filter 


Lch removes *'surface noise" (i.e., minor details) so that only 


** features are identified. Such mosaics have an added advantage 


la that a larger area can be studied In its total context. 


It is recoinmended, however, the mosaicking in South Am rice be 


continued at the 1:1,000,000 scale on the 4* x 6* grid pat^e^ . VThen 


IB completed the separate parts should be photographically reduced to 
scales loatchlng the Geologic Map of South America (scale 1:5,000,000). 


30 - ftie overlays accompanying this mosaic are merely a beginning of 


the varieties of information that can be derived from or correlated 


with ERTS-1 images. The Bolivian, Chilean and Peruvian ERTS lnvestiga~ 


tion teams are also making maps showing bedrock distribution, drainage 


aslns, geomorphology, volcanology, and soils that can have considerable; 
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■ppUeatlon to probless rel«tad to geology In the respective countries. 
TIm will be r^^ulred to cheek the v/Uldlty of these prellnlnery 
Interpretations. This work will be reviewed largely by In-country 
geologists whose knowledge of local geologic conditions la fundamental 
to cocplete evaluation. 
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APPENDIX B 


ERTS»1 Data: A Key Ingredient to Mineral and Energy 
Reaouree Exploration 

by 

Hllllam D. Carter 
EROS Program 
U.S. Geological Survey 
Reeton* Virginia 


ABSTRACT 


The Earth Resources Technology Satellite (ERTS-l)i an experimental 
satellite launched by NASA on July 23, 1972, has acquired approximately 
100,000 multlspectral Images of the earth in 2 years of operation. 

While the data have application to many disciplines, It is of special 
Interest and has operational use to scientists and engineers Involved 
In supplying the burgeoning demands for mineral and energy raw materials. 

Small-scale mosaics compiled of large areas of North and South 
America are providing new data that will aid In refining theories of 
plate tectonics and metallogenesls, and contribute significantly to the 
selection of new exploration targets. For example, a mosaic of the 
conterminous United States compiled originally by U,S, Department of 
Agriculture Soil Conservation Service at a scale of 1:1,000,000 and 
reduced to 1:5,000,000 permitted the definition of major linear, curvi- 
linear, and circular features in less than 2 days of analysis. More 
detailed analyses of selected regions were also conducted on mosaics 
compiled from Images in the Infrared spectrum (0. 8-1.1 micrometers) 
at 1:1,000,000 scale by several Individuals working Independently, 
Comparison of these results helps determine the level of confidence of 
the interpretations. Further comparison with published geologic and 
geophysical maps at similar scales helps strengthen this confidence 
and, furthermore, defines those areas where future field study and 
exploration is needed. 


For presentation at AIME/SME Fall Meeting, September 23-25, 1974, 
Acapulco, Mexico 
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EROK PROURAN AND ERTK 1 SATELLITE APPLICATIONS 
TO GEOPHYSICAL PRORLENS 

W. D. Caktir 

ERUS ProfTAin. U8 Qtolofioa) Kurrr}-, Wuhinfton, D. U8A 


The 1*8 Department ai the Interior Earth Reiounae Obaervatiou 8)retem* (EROS) Program 
ia a mahi-diacipUnary Department -aide eHort to evaluate data from remote amaora borne 
by airrraft and apa<ocralt aa they apply to operational problema and raapooaibilitMa. Tbaae 
pioblema and reqionaibilitiea range from managing large trarta of public range and foraat 
landa, Indian raaarvationi. wildlife refugee, national parka and racreation araaa, to gaologk 
mapping for mineral and water reaouroe inventoriea and atudiea of the environmental impact 
of propoaed poblir worka proiecta. The EROS Program began in 1966 aa a reault of earlier 
feaaihility atudiea K*ndurt^ in cooperation with the National Aeronautioa and Space Ad- 
miniatration (NASA). It baa grown in both acopr and araa ao that it now baa coopatative 
andeavora with many Federal, atate and local agenriea. univeriitiaa, foreign nationa and 
international organitationa. 

The Earth Reaouroaa Technology- Satellite. ERTS 1, aucceaefully launched on 23 July 1972, 
waa deaigned to meet the needa ol many earti. reaource aciantiata. Specifioationa for naar* 
orthographic multiband imagea and a data relay capability were developed from racomman- 
dationa provided to NASA by the Departmenta of Interior and Agricuhure. Over 320 principal 
inveetigatora are now evaluating ERTS I data from many regioni of the globe, and of theae 
more than 70 are geologiata. The broad aynoptic view provided by amall-acale ERTS I imagea. 
under uniform lighting conditiona. haa enabled geologiata to map lineamenta and other atruc* 
tural featurea over large areaa. Near-infrared imagea which portray vegetation in light tonea 
and aoil moiatuie in dark tonea have reduied the problem of diatinguiahing atructural featurea 
in aome b-yavily ve^-etated regiona. A limited n-uiober of repetit.ee aatellite imagea acquired 
after leavea or anow have fallen have auggeated new advanUgea to geological mapping. Yet 
to be realised ia the high probability of identifying areaa where anomalous imow-m^t pattema 
may be of importance in proapecting for new aourcea of geothermal energy-. 

Eiperimenta from aircraft emplo,ving multiband camera and optical-mechanical ecanner 
systems have shown that reflectance minima occur both in the visible and near-infrared 
spectra in rocks rich in iron-bearing minerals. Theae minims are due to optical absorption 
caused by electronic transitions in the ferric and ferrous ions. Increstes in near-infrared re- 
flectance and temperature have been noted in coniferous vegetation overlying toils enriched 
by copper and molybdenum. Such obaery-ationa have not yet been made at aatelliu altitudes. 
However, bi-band ratioing techniques using two bands (3-S--5.S|im and 10— 12-6|sm) of 
thermal infrared data from the Nimbus 3 satellite have enabled geologiata to distinguish 
aeveral rock and toil types and improve on sr.isll-scalr maps of desert areas in Saudi Arabia 
and in Muscat and Oman. Geologic msterisla have been diac-riminsted from Nimbus 3 and 4 
reflectance and thermal data by computing the day-night temperature difference and 
masimiting the effects of thermal inertia. 
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W D. Cabtbii 


1. lnlro4urtlen 

liM'Mtigation* of the geologic application* of remote aenaor* from air and 
apacr-bomr platform* by the I'b Geological Survey began in 1964 a* a amall 
effort funded by the National Aeronautic* and Space Alminiat ration (NASA). 
Initial reault* were aufficientb, encouraging ao that re*earch wa* expanded the 
following year into the field-, of cartography, geography and hydrology. By the 
end of 19M it wa* detenrtned that many application* could also be developed 
within other bureau* of the Department of the Interior and to thi* end. the 
Earth Reaource* Obaervation* Sy*tem (EROS) Program wa* formed. The EROS 
Program i* • multi-di*cipline effort in which leven agencie* of the Department 
have vigoroualy aought. obtained and evaluated photographic and line-acan data 
from aircraft and apacecraft a* they apply to reaource inventory and management 
rraponaibilitie* Nimbu* and TIROS weather aatellite data and photography 
from Mercuiy, Gemini and Apollo manned apacecraft miaaion* provided early 
experience of viewing large area* of the earth from -ifar. Thi* experience helped 
NASA and it* aister agencie* deaign the fir*t Eath Re*ource* Technology SateUite 
(ERTS 1). 

ERTS 1, launche<l on 23 July 1972. flie* at 915 km above the earth'a aurface, 
in a circular, near-polar orbit to proride aynoptic view* which cover 34 225 km*. 
Elach Bcene i* orthographic or diatortion free. A mid-morning aun angle provide* 
ahaduwing of aurface feature* of a few hundred meter* in relief. Two imaging 
ayatem* are employed. One i* a 3-camera, high reaolution (4500 line) return 
beam vidicon (KBV) ayatem in which each camera record* a different apectral 
reaponae Unfortunately thi* ay»tem o{>erated for only a few week* before a power 
failure incapacitated it* tape recorder. The RBV ayatem i* temporarily ahut down 
but may be reactivated in the future if the aecond ayatem Uila or appear* to 
degrade. 

Tlie aecond imaging ayatem i« the multi-apectral acanning ayatem (MSS), 
conaiating of four detector* that o|ierate *imultaneou*ly in the green (500 to 
0Ott |im). red (000 — 7(k: (am) and two near-infrared (700 — 800 and 800—1000 jxm) 
band*. All the data, in the form of radio *ignal». are relayed directly to the neareat 
NAS.X reception atation* in Alaaka. California or Maiyland or atored on tape 
recorder* until the atation* are in view Canada alao haa a atation for direct trana- 
miaaion and other* are bc-ing con»tructed orconaidered in Brarii, Europe and Africa. 

A third ayatem on the *a*ellite i* an S-band data relay ayatem for monitoring 
ground-ba»Al data collection platform* in North and Central America. The 
ground-baaed inatrument* include atream and tide gage*, water quality meter*, 
■now meaauring device* for hydrologic experiment*; tiltmeter* and aeiamic event 
counter* are uaed in conjunction with volcano monitoring experiment*. EROS 
Program experimenter* have a total of 1 16 auch ir..trumenta located on a large 
number of teat aitee which include major river baain* and eatuarie*. lakea and 
reaervoira aa.well as recently active volcanoe*. The data relay ayatem ha* been 
proven to be effective for a distance of 6500 km : from Iceland where a thermistor 
array monitored volcanic temperature and relayed thi* information via ERTS 1 
to the Goddard Data Reception Center at Greenbelt. Maryland Further detail* 
of the ERTS 1 system and it* products can be obtained by requesting a copy of the 
EUTS Data f’ser* Handbook, available on sale for % lO.tNi from the General 
Electric Company, Beltsville. Md. 
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Thr ERTS I imaging ayatrma oprratr in thr riaiblr and nfiar-infrarad apeotnim 
and arnar rrfleotMi radiation from thr aun. Surface reflectance eariea greatly 
from place to place depending on the oompoaition. reflectance and abaorption 
characteriatic* of the aurface materiala and alao on the local compoaition of the 
atmoaphere and ita acattering characteriatica. For example, imagea of foreated 
areaa of the tropica and temperate tonea have lea» contraat than arid regiona 
becauae of acattering prupertiea of atmoaphere in tbeae regiona. The green and red 
ban<i> appear to be ecjually auitable in deaert or arctic regiona. while the near- 
infrared banda proviile optimum information in tropical and temperate regiona 
becau*e atmoapheric acattering ia minimized and vegetative reflectance ia greateat 
at the longer wavelength*. In the near-infrared band* aurface water abaorba 
light and appear* black except where ailt or other impuritiea create a acattering 
effect. Moiaturc in aoila appear* a* dark tone* of gray. 

It i* (i) the sj'noptic view of large area* under uniform illumination, (ii) the 
abaorption and reflectance characteriaticw of the earth aurface. and (iii) repetitive 
observation that make ERTS I an excellent addition to our f;eophyaical toola. 
Let u* now conaider three example* of geologic and geophyaical pioblema that 
have proaented difficiiltie* to earth acientiat* for many year*. 


2. Problem 1 : Regional and Continental Teetonie Analysi* 

One of the more difficult and complex geophyaical problem* that geoacientiata 
have had in the paat ia that of regional and continental tectonic analyaia. Such 
Btudie* have had to rely on the ayntheai* of detailed aurface mapping completed 
on a quadrangle by quadrangle baaia and pieced together aiibjectively by acientiat* 
intereated in a broad overview . Theae ayntheae* are then correlated with geophyai- 
cal data obtained by ground or airlxirne aurveya at different map acale*. While 
many of theae analyze* are excellent in area* where aurface mapping and geo- 
pbyaical information are abundant, the compilation* are aubjective and often 
valuable information ia diacarded. There are many area* of the world where 
mapping i* inadequate or non-exiatent and, therefore, muat be atudied by other 
method*. View* of large area* a* recorded by ERTS I place geologic atructurea 
in their true perapective and relationahip*. They are. therefore, ideal for regional 
and continental tectonic analyaia. Adequate tectonic map* are fundamental to 
mineral reaource development becauae they provide a baae on which to develop 
idea* on metallogeneai* and metallogenetic province* which, in turn, are baaic 
key* to exploration and development. 

Synoptic, multi-apectral view* of the earth provided by aatellite imaging ayatem* 
have already provided aignificant new information on the geologic atructure of 
Alaaka (Fig 1) and a re\'iaion of metallogenic hypotheae* in that rugged, lea* 
well-known atate [I, 2]. Fig. 2a ahow* the diatribution of metallic ore depoaita of 
Alaaka acconling to concept* baaed on geologic mapping and ayntheaia prior to 
ERTS 1. Fig 2b ahow* the reviaion of metallogenic piovince* due to new lineament 
information provided by Niroliu* 4, and refined with ERTS 1 data. While it will 
be aeveral year* before mapping and exploration in Alaaka can confirm or refute 
theae new concept*, it i» important to note that the* new hypotheai* ha* narrowed 
or confined the target* of intereat to amaller area* and haa reaulted in a more 
rational diatribution pattern for aome orea, e.g. mercu:/, conaidered by many to 
be fault -aaaociated. Thia interpretation haa identified areas where new work 
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Fig. 1. A cUar day in Alaska from Nimbui 4. 
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Ftg. Sa. Mrtallofrai' proxincn of Alaaka baard on fajlofir and iMpbvaival mappinf. 



ahould be donr and ahould therefore re«lui-e the time and roata of future mapping 
and exploration. 

New viewa of the earth from ERTS I have alf" provided geologiata with the 
opportunity to “aee” large atructuro in well mapped areaa that have not hereto* 
fore been defined. For example, Fig 3 ia a mnaair of ERTS I imagea of the State 
of Nevada where a major lineament ia revealed that trenda northeaatward arroaa 
the northern part of the atate, tranaecting the northern end of the north-trending 
Baain and Range province (3].. Projec t ion of thia trend (Fig. 4) to the aouthweat 
indicatea that it alao marka the break Itetween the Sierra Nevada batholith on the 
aouth and the Caacade volcanic chain on the north. If projected furtber to the 
weat, it paaaea through the entrance (mouth) of San Franciaco Bay. Here there ia 
a auggeation that valleya. fault extenaiona and rock formationa may be offaet 


Fig. 3b. Reviaed metallogenir provincea of Alaaka baaed on geologic and geophyaical in- 
formation combined with ne« information provided by interpretation of Nimbua 4 and 

ERTS I imagea. 
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to thr MM along thr r*<ith Mdr of this pru)«Kiion. To tbr DorlbMst, in MMitbern 
Idaho. »mall tegmei -t of fault* have biwn napprd along thr trvnd Along Ut* 
trrnd i* the hnalir River downwarp. tbr eouthrm limit of the Idaho volcanic 
ftehl. thr laland Park oaldrra and thr grothrrmal area* of YrUoustonr National 
Park. Thr Frombrrg fault in Montana not far aouth of Billing* may alao hr part 



Pig. 3. ERTS 1 imagr moaaic of thr State of Nevada. 


of thi* trend. There ia a coincidence of magnetic pattern* «ith thi* lineament 
which inggeft* a tectonic and petrologic relation«hip. 

A third aapect of tectonic mapping problem ha* to do with exploration for 
energj’ re*ourcea auch a* new geothermal and petroleum re»rrve* The rr|irtitive 
nature of ERTS 1 permit* ut, for the firat time, to collect data throughout the 
year; to map anowfall and anowmelt pattern* with *ufficit nt rcHulution to deter* 
mine where grothri nal heat aource* may affect the aurfaee. Snowmelt pattern* 
have been recognized in areaa of near-*urfacr geothermal anomalie* of Yellow Mone 
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Park when* Miom-fall thirkrtr** tnd otrliinf ntf» have brrn uard a* a oalurimrirr 
by WUt<> (4] 

ill aouthrm MiMUMippi arruatr »trpaM draiiuf^* ami vrgrtation patt^rtu have 
bmi kirntifini on ERT>> I imagr* tbal are related to knu»'n aalt dom«*a that are 
the aourcv* of petroleum and powible geothermal energy in the ''ate (Fig. 5). 



Pi(. 4. Generaliied teetonir map of the United Stales showing indirated projertkm of the 

Dortkem Nevada lineament. 


Similar arcuate patterns have been identified in ERTS images souti of the known 
aalt dome region suggesting additional favorable structures fur explorrtion. While 
most of the domal structures are less than 10 km in diameter, one has been defined 
that is 70 km in diameter. Although the significance of this feature has not yet 
been determined, it certainly defines an area that should be studied in greater 
detail by ground and airborne geophysical methods. 


I. Problem 2: Volcano and Earthquake Monlloring 

Active geologic phenomena such as volcanoes and earthquakes, especially those 
located in populated a-reas, present very special problems to man as he attempts 
to develop monitoring and predictive cai>ahilities. On site laboratories such as 
the Hawaiian Volcano Observatory have contributed much to man's under* 
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•Undiiif of voU-aniun Np« inatrament* such m» tiltmrter* anJ ■riamir armt 
rountm harr baen davrlopati and laatrd at aurh aitar to inrraaar our abilitjr to 
aaonitor tha pul*r i»f tba aarth 

With tha flight of ERTK i tba t'8 Gaolufiral hurray bagan an aiparimant to 
Monitor a larga nuabar of rotcanoaa that cinatituta part of tha rimun-Partfir 
‘‘Ring of Fira", hixtarn vulaanoa* in a tona aatanding from Alaaka to Kkaragua 
in ('antral Amariaa Hava baan inatrumantarf aith tUtmalam, aaiimic avant noun- 
ter» and tbannocoupia* for motiitoring rbanga* in lan<i aurfara, aaiamicity and 
tain|iaraturr. Tbata inatnimanti ara rouplad to radio ralay ayatama that tranamit 


ERTS-I IMACE ORANt ATTEITIOR TO 
POSSIBLE SUBSURFACE PETROLEUM STRUCTURES 



Fif. S. CVunpoaila ERTS I imaga of aoutham Mixaiwippi thowing loeation of auapartad aah 
doroea and a larger circular faatura. 


to and ara ralayad by ERTS 1 to ra<vi\'ing itatinna in California and Alaaka. 
Wbila tha ayatam waa inatallad too lata to aaaiat in the monitoring of tha Managua. 
Nicaragua, aartbquaka of 23 Dacambar 1972. it did racord a numbar of aarthquaka 
awarma pracading tba 23 Fabruaiy- 1973 aniption of Volcan Fuago in Guatemala. 
Saiamir evant countara. inatallad in Fabruary 1973. wara counting an average of 
fiva avanta a day until tha number of avanta incraaaad to 80 or more. Five daya 
later Volcan Fuago aruptad (fi). 

ERTS I data «ara uaad on a limited baaia due to heavy cloud cover and low 
aun-angla in a atudy of the eruption of Kirkiufall on the iaiand of Haimaay, Ice- 
land [0]. However, the NOAA 2 weather aatallita with ita more f~aquant repeat 
cycle, poorer raaolution and thermal imagaiy proved more useful in mapping tha 
volcanic arooka plume and making quantitative maaaurauanta of radiant emis- 
sion. Mora recent work by Williams in analysis of ERTS I imagery’ of Iceland has 
ravaaled several new sub-glacial calderas within tba Vatnajdkull (ice cap). 


7 / 


BMOS and BHTK I A^iraiioiM to U«opliyMc«l ProMnu 


II 


4. Prekkni I: Ularrininallon •! Ro<k ui4 Koil 

fUmiiir dHertion and dixfiminatton of rtirk and aoit typ^ ba* bwn att#mpt#d 
from air and auacrcraft during the pa*t five jrrar* An early attempt waa made 
by Nmede* and other* (7, t] in Yelloaatone Park uaing the airborne multibaml 
aranning ayatem developed by tbe Willow Run L«boratoriea of the Univeraity 
of Micbigan. Approximately nine generalued terrain type* (rock rubble, kame 
terrace*, etc.) were aucceaafully mapped u«ing four optimum band* from the 
twelve collected that were trained on amall teat plot* (Fig 6). Accuracie* of over 



Fig. 6. Muhiband *canner image of aurfare terrain rhararteriitic* aequirtd from aircraft. 
Yelloa-itone National Park. Wyoming. 


85 % were obtained. Uaing the name band* that had been aelected for the ERTS t 
aatellite ayatem the accuracy dropped a few per cent but atill exceeded 80%. 

Teating of a Retonofax IV thermal acanner (8 — U |xm) [0] and. later, the aame 
multiband acanning ayatem uaing viaible reflected infrared and thermal-infrared 
band* in the Mill Creek, Oklahoma, area [10] enabled a clear diatmction to be made 
between limeatone and dolomite, ailica aandatone and granite. "Such diacrimi- 
nation of rock type war poaribic becauae of a combination of the inherently differ- 
ent albedo and thermal inertia propertie* of the limeatone* and dolomite*’’ [9] 
t'ohn and other* [II] have al*o uaed ratioing technique* in which day and night 
temjierature difference* in the thermal bapd* from Nimbu* 3 and 4 aatellite 
imaging ayatem* are weighed again*t each other. They were aucceaaful in diacrimi- 
nating eleven rock and aoil type.* in the Muacat and Oman area of the Arabian 
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prnin*ula. EatiinatM of rock and aoil dcnaity can be calculatod by thia approach. 
Tkt' clarity of atmoapberr and lack of vegetation in thia region enabi«<d the 
inveatigatora to conduct their experiment without interference from auch factora. 
Several changea in the exiating generalized geologic mapa of the area tvere auggeated 
by thia atu<ly. 



Fig. 7. Multiband camera image of oxidized breccia pipe in the Homeataka Miiu 4>iea, 
Montana. 1, blue; 2. green; 3. red; 4. near infrared. 


A four-band multi-8[>ectral aerial < amera waa teated from aircraft using bands 
and filters similar to ERTS 1 to study the effects of iron absorption in the near- 
infrared region [12]. An oxidized breccia pipe containing pyrite and copper ores 
in the Homestakc Mine area in the New World mining district of the ^artooth 
Mountain Region in Montana was flown at mo<lerate altitudes. The oxidized zone 
appeared dark on the near-infrared band while there was no marked anomaly in 
the visible region (Fig. 7). A similar response was recorded in the near-infrared 
band in data acquired over a nearby, chrome-bearing, ultramafic body (Fig. S). 
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Whilr thoar depoaiia wrrr rcUtivHy •mall in an«l citont and below the reeolution 
of thr ERTS I •yetem. it appear* likely that larger but aimilar depoaita can be 
recognized from EKTS I. In fact, it appear* that aeveral new ultramafic bod tea 
have been identifie«i in color compoeitea of ERTS I imagea in the foothill* of the 
Hierra Nevada of California by Lathram (1973. written communication). Tbeae and 



Fig.H. Muliiband camera image of chrome-bearing. ultramafic body near Homeatakr Mine 
area, Montana. I, blur; 2. green; 2, red; 4. near infrared. 


other auapected example* of iron ab*orption are now being field-checked. Thu* far, 
theae re*ult* are con*i*tent with laboratory apectra for iron-rich and iron-poor 
mineral* meaaured by Hunt and Saliabury [13] a* ahown in Fig. 9. and for selected 
felaic and mafic rock* a* in Fig. 10 a* determined by Ro*s, Adler and Hunt [14]. 
The viaible and near-infrared reflectance apectra for liroonite, Fig. 11, show djag- 
noMic absorption at about 0.9 ^m and 0.65 pm and a reflectance maximum at 
about 0.80 pm. The position* of the iron-abaoiption band* depend on the oxidation 
state and coordination of the iron bands. 
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Fif. •. Ubontory simcu* of iron-rid) ond iron-poor minmU in thr O.S-14 iun rifion. 
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Fif. 10. Lobontor>- iprctri of frlrir and mafir rodu in thr 0.2- 1.A rrfion. 
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Fif. II. Viaibir and naor-infrarrd reflectaner aprotrum for limonitr in thr 0.4— 1.2 )xro rrgion. 
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ft. ConHyaioni 

Thttr major gMphyaical pmbirma bring addmwrd by atudiea of ERT8 1 
data arr: (i) regional and continental tectonic analyaia; (ii) volcano and earth* 
quake monitoring and (iii) ruck and aoil type diarrimination. At thia time it can 
^ atated that ERTS 1 imagery and data relay capability can contribute effec- 
tively to tectonic analyaia and volcano monitoring on an operational baaia. Modi- 
ficatio.na and additional inatrumentation will be required before an earthquake 
monitoring ayatem cun reach the aame atage and oonaiderably more knowledge 
muat be acquireil before an operational predictive capability can be de\eloped. 

In the area of nsk and aoil ty^ie diarrimination much more work ia needed. 
ERTS I providea aome of the baaic ingretlienta required by virtue of ita multi- 
apectral capability and current work ia very encouraging However, one or more 
thermal ban<U in the 10.5— 12.5 |im range anil be required to make auch a mapping 
ayatem more workable, ea|iecially if operated in both daytime and pre-dawn 
orbita The multiband concept in which aeveral viaible. reflected infrared and 
thermal infrareil band* will be teated over apecial aitea during the current Skylab 
ex|ieriment will add to our knowledge. Thia experience ahould enable ua toiWinc 
our requirementa for future operation vl Mtellite ayatem*. 

Arknowledgii'cnf 

Publication authorixeil by Director, UR Geological Survey. 

ReferenceK 

[I] E. H. LaTHaAM. Science 17i, 1433 (1072). 

[8] E. H. LAVniAM. I. L. Taillecx, \V. W. Pattos, Ja. and \V. A. Fiecnn. Proc. NASA 
Symp. on Significant Reault* obtained from ERTS 1. Abetrart* OSPC, Greenbelt. Md. 
1073 (p. SO). 

[3] L. C. Row’as and P. H. WcTLAvrEa, Proc. NASA Symp. on Significant Reaulti obtained 
from ERTS 1, AbatracU: OSFC, Greenbelt, Md. 1073 (p. 4<i). 

[4] D. E. WiiTE, Geol. Soc. Amer. Prog, with Aba., 106s Ann. Meeting, Mexico City 1068 

(p. 818). 

[5] P. L. Waed. J. P. Eatox, E. Endo, D. Haelow, D. MaaorEZ and R. Allex, Proc. 
NASA Symp. on Significant Reault* obtained from ERTS 1, Abatrarta; OSFC, Green- 
bel*,Md. 1073 (p. 33). 

[6] R. S. William*. Ja. and otberi, Proc. Symp. on Significant Reault* obtained from 
ERTS 1. NASA GSR'. Greenbelt. Md. 1073* (vol. l.Sec. A. p. 317). 

[7] H. W. Smedex, N. M. SrEXCEB and F. J. THUMPitox, Proc. 7th Int. Symp. on Remote 
Senaing of Environment. L'niv. of Michigan 1071 (vol.t. p. 2u73). 

|8] H. W. Smedes, H. j. LixxEBrn, L. B. Woolavee. M. Y. Sr and R. R. Javeoe, NASA 
4th Ann. Earth Rea. Prog. Rev. t. p. 61-1 (1072). 

(0] L. C. Row AX, T. W. OrriELO. K. Watxox. R. D. Watios and P. J. Caxxok, Bull. 
Geo). Soc. Amer. 81, 3340 (1070). 

[Iti] K. Waraox. R. C. Rowax and T. W, OrPiELD, Proc. 7th Int. Symp. on Remote Senaing 
of Environment. Univ. of Michigan 1071 (vol. I. p. 2017). 

[11] H. A. PoHX, T. W. OrriELD and K. Wanox, N.\SA 4th Ann. Earth Rea. Prog. Rev., 
- 3. p. 30 1 (1072). 

[12] L. C. Rowax, NASA 4th Ann. Earth Re*. Prog. Rev. t, p. 00-1 (1072). 

||3] G. R. Hi'xt and J. W. Sauairav, Modem Geol, I. 283 (1070). 

[14] H. P. Boas, J. E. M. Adlee and G. R. Hrxr, Icarui II. 46 (1060). 



